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INTRODUCTION 

This has been another period in which the combined strengths of the Oak Ridge National Laboratory 
(MM.) Fusion Energy Program in theoretical and experimental plasma confinement and fusion technology 
have resulted in a broad spectrum of significant accomplishments. The breadth and significance of these 
accomplishments are illustrated in the unique physics accomplishments of the Impurity Study Experiments 
(ISX-A and ISX-B) and the Elmo Bumpy Torus (EoT); the technology advances in neutral injection, pellet 
fueling, superconducting magnets, and materials; the integration of all these program strengths into the 
EBT-P and Long Pulse Technology Tokamak {LPTT) designs; and the recognition of our advanced design capa­
bility by the location of the national Engineering Test Facility (ETF) Resign Center at OWL. These 
accomplishments were possible because of the effective integration of our broad program and the contri­
butions of a large number of organizations that include other O W L divisions, IXC-KD Engineering;, 
private industries, and other laboratories, lie believe this.breadth and multiorganiza clonal involvement 
are the most effective role for the MM.. Fusien Energy Division, and me are striving to continue this 
theme with EBT-P, LPTT, advanced technologies, and the ETF design. 

The highlights given in this introduction il lustra ce both the breadth 3nd\ significance of the O W L 
program. These major achievements give us confidence that we are making pvogress towards our goal of 
developing a viaole fusion energy source for the future of mankind. While completing the projects and 
programs highlighted iff this year's report, we have continued to plan programs and develop components 
essential for future contributions. 

Conversion of the EST-I experiment to EBT-S was completed in the first half of 1978 concurrently 
with the development of 28-6Hz, high power, cw gyrotrons by Varian. During 1978 Varian demonstrated 
cw poMe* output greater than 100 kW, and experimental gyrotrons resulting from this effort were utilized 
in the pt*-?.-y ECH system for operation of EBT-S. Operation with these first 28-GHz sources was, how­
ever, tery limited and was restricted to a power of about 50 kW. As predicted from theoretical scaling 
considerations, a rise in toroidal plasma density of approximately 50% was observed in EBT-S operation. 
However, the electron and ion temperatures remained roughly constant, also as expected, because toroidal 
plasma temperatures scale with total microwave power, which so far has been the same as in the E8T-I 
mode. The simple theoretical stability criteria previously used for EBT have been substantiated through 
more detailed analysis of kinetic effects, and most of the primary experimental observations have been 
explained theoretically on the basis of neoclassical transport. These phenomena include the ambipolar 
potential, the level and scaling of thermal losses, the formation of a nonthermal ton distribution, and 
the tendency to operate at a very low degree of impurity contamination. 

Studies of ohmically heated plasmas were made in ISX-A under a wide variety of conditions. Optimum 
confinement parameters were T, « 30 msec and 1 f f « 1.5. The initially linear increase of t£ reached a 
limit as a function of plasma density, apparently as a result of transition from electron-dominated to 
ion-dominated loss regimes. In joint work with the General Atomic Company (GA), the inward transport of 
c neon test Impurity was significantly reduced by poloidally asymmetric injection of hydrcgen gas into 
the discharge, a result consistent with the impurity flow reversal effect as predicted by neoclassical 
transport theory. Operation of ISX-A <*as completed in March, and conversion began to the upgraded 
ISX-B tokunak. The new facility is equipped with neutral bcim injectors And provisions for noncircular 
plasma cross sections, anc" its primary goal is study of the limits on plasma beta. With up to 0.7-MM 
neutral beam power, the results already obtained include an average toroidal beta of 1.4X and a central 
toroidal beta of IX. Theoretical work on high beta tokamaks that was pioneered and made credible at 
ORNL has culminated in the demonstration of (1) stable equlsi-rla at beta values as high as 10* for 
aspect ratio 4, (2) longevity of high beta cases 1n the jvesener of resistive skin diffusion, and (3) 
benign reaction to the full range of transport phenome^. As a result, the type of operation required 
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for iiigh energy-density, long-lived discharges in the LP7T device appears rretfio.Ie. Early testing of 
high beta theory has been cad? possible through our design of a very flexible plasma r.ontrol field 
system for the second phase of the ISX-B device. 

Significant advances have continued in the development of pellet injectors am? neutral be** in­
jectors. The puewnatic-type oeHet injector was upgraded from a pellet velocity of S20 m/sec to IDCf* 
a/sec with 1-tse-diam pellets, injection o\periments on ISX-B showed that for 60O-70O-eV central plasm 
temperatures, the pellets can penetrate the entire plasma discharge aBd impact on the iiwer wall, ifcpn 
accompanied by neutral beam injection, the plasma remains quiescent even with a faf.cor of 2-3 density : 

increase, and the pellet penetrates 20-iO cs into the discharge. A prototype centrifugal aechan?c*1 
irjector has been operated with 0.8-rct-diam pellets at a feed rate of 150 pellets/sec and has achieved 
pellet velocities of 290 m/sec. In the neutral beam development prograa, two ISX-B injectors similar to . 
those developed for the Princeton Large Toms (PLT) but with shaped extraction apertures were tested on 
the Medium tnergy Test Facility (HETF). At extraction parameters of 42 Ws'amd 61 A, the in>roved optics ^ 
delivered 900 It* of H° power. The last of the four PLT beam lines w«. a-;!f%ered to Princeton Plasma 
Physics laboratory (PPPL), and the four injectors raised the PLT ion temperature to 6.5 keV. A 30-cm-
grid-dUm PDX (Poloidal Oivertor Experiment) ion source has, in preliminary testing, produced 110-A 
hoanrc at 4- k¥ for 100-ssec pulses. An esergy recovery exteri'sent base?} on the QSffi. concept of trans­
verse magnetic field electron blocking yielded preliminary recovery efficiencies of 60 s 20i.. This is a 
very significant advancement in the development of high energy, steady-state injectors for future exper­
iments because it simultaneously inproves the system efficiency and drastically simplifies the beam 
target cooling problems. This continued advancement in both of these critical fueling and heating 
technologies is crucial to the future of advanced fusion devices. 

The orograr to develop large toroidal superconducting niagnets is now well established. Three major 
U.S. »quipment manufacturers, under subcontracts to design and build one test coil each, spent the year 
i,i detailed design and in supporting verification tests. Japan and Switzerland joined EURATOM and the 
I'.S. in *n international agreement that will culminate in tests of a six-coil toroidal array at ORNL. 
The desiyr. of the U.S. coils has benefited significantly from the research and development support of 
the Magnetics and Superconductivity Section of the Fusion Energy Division. Several facilities have been 
constructed tor verification testing of superconductors. The development, instrumentation, diagnostics, 
and protection systems have also made up a large part of the research and development. Another area of 
work involving considerable interaction with the subcontractors is coil fabrication fcnnology. Con­
struction of the Large Coil Test facility (LCTF) began with preparing the site, curing the concrete 
base for the vacuum tank in Buildino 9204-1, *nd forming the tan*, sections. 

In September 1978 the Departwent o." Oiergy (DOE) introduced a new policy statement for fusion 
energy. One key element of the strategy outlined in this policy was the decision to hive an Engineering 
Test Facility built to serve as the vehicle oy which the fusion program would move from the scientific 
phase into the engineering test phase. The ETF would provide a testbed for reactor components in a 
fusion environment. Following the review of recommendations from GA, ORNL, and PPP'_, DOE selected ORNL 
to host an ETF Design Center with the responsibility of developing a detailed mission statement for an 
ETF that couid begin operation in the late 1980's, o reference design for a facility with this mission, 
and recommendations on what program elements are necessary IO ensure the technical success of the 
facility. The ETF Design Centev tea.-n ha', been established viith significant supporting responsibility 
being accepted by the major fusion centers of GA, PPPL, and the Massachusetts Institute of Tec' »ology. 



li-ts-'.'v £ » » » * • » < • -

C , 



1. EXPERIMENTAL CONFINEMENT 

T. Amino'-
J . I . Anderson-
B. R. Appletor* 
f. u. Baity 
D. 0. Bates-

Bates 
Becker2 

Becraftu 

Berry4 

Bieniosek6 

Brown " 
:.T; 6 . Brown? - ^ S ' i -

' -i ~'£j& E £ »- *r;«nt» 
" Sll. 8 . Brysen 

P- B. Burn6 j 
" "B. * . «wrr*n' 

J . Sheffield, lection Heac 
I . Ounlap. Associate H«d foi Tokapjk 
G. R. Haste. Associate Kead for EBT 
H. 0. Easoir, Microwave Development 

K. A. Connor P. 
V. Corso1- * . 
E. C. Crume, J r . ! R. 
J. S. CuJver S. 
K. A. Dandl>= J. 
J. C. DeBoo* . .« 
S. K. DeCamp H. 
R A. Ooryl H. 
G. R. Oyer . R. 
R. B. Eester8 T. 
P. h- Edmnds R." 
0. C. Eidridge* G. 
1 . C. Emerson'2 A. 
A-C. insUno H. 
E. S- Ensberg"' <j H. 
C. A. Foster'" r. 
R. H. Fowler"* K. 
J. E. Francfs' S. 
P. Gelpi' R-
J. C. Glowienkas N. 
Y. Gomay"* "" E. 

0. H. Gray6 R. 
A. D. tottery C. 
S. L. Kalsted' 2 D. 
H. h. Jteseltoe1" M. 
9. H. Haubenreich15 R. 
1. Keatherly12 J . 
H. E. Hesse11 _ t . 

L. Hickok* 
«. H i l l 1 7 

E. Hi lP 
Hi roe'-9 

T. Hogan* 
A. Houlberg1 

C. Howe1 

Ikegami18 

C. tsler 
C. Jernigen 
I. Johnson6 

6. Kelley'* 
R. Kemp6 

E. Ketterer 
Kim'' 
King 
Kunselman* 
Kuo* 

A. Langley 
H. Laiar 2 0 

A. Lazarus 
L. Livesey 
H. Loring 
C. lousteau* 
S. Lubell 2 1 

V. Lunsford, Jr . ' 
F. Lyon 
A. Kassengill 

Part-tine 
Retired : - . ,. " < . 
1. Plasma Theory Section. 
2. Instrumentation and Controls Division. 
3. Sjlld SUte Division. 
4. General Electric Company, Schenectady, New York. 
5. Director, Fusion Program. 
6. Consultant, Rensselaer Polytechnic Institute. Troy. New York. 
7. GrumMn Aerospace Corporation, Bethpage, New -irk. 
8. UCC-ND Engineering. 
9. General Atomic Company, San Diego, California. 
10. Computer Sciences Division. 
11. Princeton Plasma Physics Laboratory, Princeton, New Jersey. 
12. Metals and Ceramics Division. 
13. Retired, formerly Section Head, High Beta Plasma Section. 
14. Plasma Technology Section. 
15. Manager, Large Coil Program. 
16. On Leave from Centre a" Etudes Nucleafres de Grenoble, 

Grenoble, France. 
17. Present address: Prlncetoc Plasma Physics Laboratory, 

Princeton, New Jersey. 

C. S. Mayes 
9. H. MeCullough10 

H. C. MtCurtfy 
R. W. HcSatfey15 

K. H. BcGuffin 
D. H. McNeill'* 
». J . Keece" 
it. M. rtenon1-

~A. T. Mense1 

L. San K i jue l " 

P. MioAfiBfewsri^ 
R. f . rttskelT1 

l. C. Hoore 
0. B. Morgan2* 
H. Murakami 
C. H. Murphy8 

H. Namkung'5 

A. P. Navarro2^. 
R. V. Neidigr? 
G. J<. Neilsor,-
i . E. Nelson* 
D. B. Nelson1 

H. Nishl" 
I . U. Ojalvo7 

J. A. O'TooIe' 
0. R. Overbey' 

V. K. Pare2 

J. U. Pearce 
Y-r. M. Peng1 ^ 
6. F. Pterce* 
». S. Ponte1" 
B. t . Pope 
R. Prater"' 
J. A. Pusaleri 7 

C. C. Queen* . 
B. H. Quon2' 
J . A. «*>*' 
?;_ U Ray 
f. F. Rayburn 
U. J . Redmond 
J. W. Reynolds2 

J. B. Roberto3 

J. A. Rome1 

- « . J . SMtmarSh 
H. C. Sanderson 
H. J. Scnaffer'* 
D. E. Schechter1-
S. D. Scott 2 8 

J. Sentell-' 
E. Shannon* 
E. Stmpktns 
E. imith*-
Steiner3-

K. A. Stewart' 

W. L. Sttrlinq-'* 
W. C. T. Stoddart* 
J, 0. Stoete 

*T). H. Swain 
C. E. Thomas" -
P. B. Thompson* 
C. C. Tsai 1" 
* . A. Ucka-.' 
T. Ocltan" 
R. 0. t & H 9 ' c 

C. C.^ifeaver 
T. I . White v" 
P. It. W»Hfleld* % 

R. n; Wielar. .->.» 
i. B; Hilgen -.'' 

> . ^ l . Ming 
R. i.^Hlntenbeipg2 

G- H.-Misenan7 

S. P. Mithrow* 
S- K. Wong' 
J. W. Wooten10 

R. E. Worsham 
U. L. Wright' 
R. 8^ «ysor8 

T. Yang31 

0- C. Yonts1 

R. A. Zuhr' 
B. 2urro J t 

18. 

19. 
20. 

21. 
22. 

23. 

24. 
25. 

26. 
27. 
28. 

29. 
30. 
I I . 

Consultant, Institute of Plasma Physics, NagOya university, 
Nagoya, Japan. 
Retired, forit.erly Head, Special Projects. 
Presert address: TRW, Inr^.-porated, Redondo Beach, 
California. 
Hagnetics and Superconductivity Section. 
Participant in Great Lakes Colleges Association/Associated 
Colleges of the Midwest, Oak Ridge Science Semester Program. 
VHiting scientist, Institut fur Plasmaphysik, K.F.A., 
Jiilich, F.R.G. 
Director, Fusion Energy Division. 
Present address: University of Maryland, College Park, 
Maryland. 
Visiting scientist, Spanish Nuclear Energy Commssion. 
Physics Division. 
Graduate student. Nuclear Engineering Department, 
Massachusetts Institute of 'ethnology, Cambridge, 
Massachusetts. 
Tennecump System*, Incorporated, Oak R»dge, Tennessee. 
Manager, Advanced Systems »'rogram. 
We-.tinghouse flectric Corporation, Pittsburgh. Pennsylvania. 



BLANK PAGE 



2 

M-if-xcC. Conversion of the EL*'0 Burcpy Ten.5 

v'tBT-I) experiment to EBT-Scale (EBT-S) 

continued in the f i r s t ha l f of 197b simul­

taneously w i 'h the Variarr program under Oak 

Pidie National Laboratory (ORM.) subcontract 

tor development of 28-GHz, superpower. 

continuous wave (cw) gyrotrons. During 1978 

Varian demonstrated cw power output greater 

man VjQ kU, and experimentai gyrotrons 

resu l t ing fron th is e f f o r t were u t i l i z e d in 

the primary electron cyclotron t.eating (ECH) 

oyster fo r operation o f t2?-^ Operation 

with 2o-GHz power was. however, very l im i ted 

and was res t r i c ted to a power of about 50 kW. 

As predicted from theoret ical scal ing con­

s iderat ions, a r i se in toro ida l plasma density 

of approximately 50"; was observed in EBT-S 

operat ion. However, tha e lectron and ion 

temperatures remained roughly constant, also 

as expected, because toroidal plasma tempera­

tures scale with to ta l microwave power, which 

was the saw as in the EST-1 node. 

Addit ional work was directed towards 

re f in ing diagnostic techniques and coordi­

nating diagnostic measurements. A new Thomson 

scat ter ing system ana a charqe exchange 

analyzer that measures ions from the mir ror 

throat were ins ta l led near the end of the 

year during the overhaul of two of the motor-

generators that provide magnetic f i e l d power 

for EST. 

Studies of ohmically heated plasmas were 

made in the Impurity Study Experiment (ISX-A) 

tokamak under a wide var ie ty o f condi t ions. 

Optinvjm confinement parameters were ; f ' 30 msec 

and I . . = 1.5. The i n i t i a l l y l inear increise 

of 1 , reached a l i m i t as a funct ion of plasma 

dens i ty , apparently as a resu l t of t rans i t ion 

from electron-dominated to ion-dominated loss 

regimes. The inward transport of a neon test 

impurity was s i gn i f i can t l y reduced by polof-

da l ly asymnetric in jec t ion of hydrogen gas 

into the discharge, a resul t consistent with 

the impurity flow reversal e f fect as predicted 

by neoclassical transport theory. Operation 

of ISX-A ceased in March for conversion to 

the upgraded ISX-B tokamak. The la t te r 

f a c i l i t y i s equipped wi th neutral bean in jec tors 

and provisions for noncircular plasma cross 

sect ions. The primary goal is a study of the 

l i m i t s on plasma beta. With up to 0.7-KW 

neutral bean power, the resu l ts already 

obtained include an average to ro ida l beta of 

1.4; and a central to ro ida l beta of 7"«. 

Sol id-hydrogen-pel let i n jec t i on in to ISX-B 

discharges has produced factors of 2-3 

density increase. Detai ls ov a number of 

plasma measurements, the neutral beam system, 

and progress towards an upgrade of these 

s.vstens are included. The resul ts of the 

Impurity Study Program and the status of the 

Long Pulse Technology Tokamak (LPTT) are 

reviewed. 

1.1 INTRODUCTION 

The Experimental Confinement Section was 

formed by a merging of the two separate 

sections previously involved in t h i s work: 

the Experimental Tokamak Section jnder 

J . Shef f ie ld and the High Beta Plasma Section 

under R. A. Oandl, now r e t i r e d . The work 

reported here was done mostly under the 

ea r l i e r administrat ive arrangement. The pro­

grammatic organizat ion of the sect ion is shown 

in F i g . 1 . 1 , which also serves as an aid in 

i den t i f y ing the pr inc ipa ls involved in the 

d i f f e ren t areas. The Atomic Physics and 

Diagnostic Development Group in the Physics 

D iv is ion , whose a f f i l i a t i o n w i th the section 

is indicated in the f i gu re , summarizes i t s 

work in Sects. 2 and 4 of th is repor t . 

The EBT experiment i s described in 

Sect. 1.2. In Sects. 1.2.1-1.2.5 the p r inc ipa l 

diagnostic development programs are described. 

The e f fec ts of f i e l d er rors on EBT plasma 

confinement are examined in Sect. 1.2.6, and a 

study of the absorption of the ord inar j wave 

in a f i n i t e temperature EBT plasma is d i s ­

cussed in Sect. 1.2.7. In Sect. 1.2.8 the 

EBT-II developments are given. Sections 1.2.9-

1.2.11 describe the microwave technology 

developments for 1978, and Sect. 1.2.9 is a 

descr ipt ion of the EBT-S ECH system. 
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Fig. 1 .1. Experimental Conflneraent Section 
programmatic organizat ion. 

! . 3 . i . Cur i n i t i i ' r t i „ : t . s witn t re ISX-D 

are ; iven in Sect. 1.3 J , alone wi th reports 

of progress towards tne ECh and neutral bear. 

systems. Sectio'. l . i . J deals * i t h the I rpur i t> 

Study Program ind 1.3.4 with the design 

studies for the c?TT. 

1.2 LET RESEARCH 

1.2.1 So£t_ X-Ray Measurer ^ - i s 

G. R. Haste S. Hiroe 

The so f t x-ray data reported in previous 

years have been taken with a s ingle detector 

that views the plasma alona the diameter. Ir. 

the course of the past year, an array o f Sach 

detectors has been added. This array, shown 

in F ig . 1.2, consists of f i ve detectors 

col l in iated to view the plasma along f i v e 

para l le l l i nes . The experience witn the 

single-channel detector has proven jery 

valuable in the design and operation of the 

five-channel system. For example, the c o n i ­

z a t i o n , the shield ing f ron v i s i b le ' i g h t , arc 

the vacuum control techniques are d i r e c t l y 

appl ied. The same in s i t u ca l i b ra t i on iiethod 

is also used. 

The purpose of t h i s new array is to pro­

vide p r o f i l e i n fo raa t i on . The resul ts cf 

some of the f i r s t measurements are shown in 

Fig. 1.3, with only four of the f i ve channels 

represented. These prel iminary data see<r, to 

indicate that the temperature p r o f i l e is f l a t 

and that the density p r o f i l e is peaked w i th a 

center a l i t t l e above the machine midplane. 

1.2.2 Charge Ixcjnan^^jj^aiur&n&it;^ 

F. W. Baity J. C. Glowienka 
B. H. Quon 

There were two types of charge exchange 
analyzers used on F.BT during 1978, one 
employing a conventional nitrogen stripping 
cell for converting the escaping energetic 
neutral atoms to positive ions and the other 
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F i g . 1 . 2 . Geometry of the five-channel soft x-ray detector. 

3 0 S . r,«& ' 9 2*12 'it 

Fig. 1.3. Preliminary electron tempera­
ture and density profiles taken with the 
five-channel soft x-ray detector under typical 
T-mode conditions. 

employing a cesium chirge exchange cel l for 
converting the neutrals to negative ions. 
The cesium cell analyzer, a new development 
specifically for application on EBT, has been 
previously described. 2 

The calibration for both spectrometers 
was carried out in the laboratory usin? a 
small diameter, monoenergetlc neutral beam of 
low intensity. The intensity of tn» neutral 
beam was inferred by intersecting the beam 
with a Faraday cup and measuring the current 
due to secondary emission from the copper 
plate in the cup. The Faraday cup, in turn, 
was calibrated by an ion beam of the same 
energy, and the assumption was made that the 
secondary emission coefficients were the same 
for both ions and neutral particles. To test 
the val idi ty of this assumption, a more 
sophisticated direct measurement was made of 
the secondary emission coefficient of neutral 
hydrogen atoms on copper. 3 I t was discovered 
that, at energies greater than 100 eV, the 
secondary emission coefficients for ions and 
neutrals agree within lOi but that below 
100 eV there is a large d'sparity in the two 
values, with the difference increasing rapidly 
as the energy decreases. These new secondary 
emission data were used to correct the c a l i ­
bration curves for both analyzers; also used 
was a new analysis that f i t s the charge 
exchange spectrum by adding several (usually 
three) Maxwellian distributions of different 
temperature. Simultaneous measurements were 
r.ade with both analyzers and then compared.1' 
Because of unresolved uncertainties, the 
toroidal plasma ion temperature determinea by 
the cesium ar^lyzer was higher by 10-20*. 



tu t the ion-neutral density product was lower 

by -.ore t*an ar, orcer of magnitude. Work is 

new under way to deterr ine the source of the 

e^rcr in the cesiurr. analyzer resul ts so that 

the improved low energy capab i l i t y and 

increased count rate of t h i s p ror is ing tech­

nique ^ igh t be exp lo i t ed . 

During the period of downtime at the end 

of the year, a new charge exchange analyzer 

was ins ta l led that detects neutrals emitted 

in the n i r ro ' - throat region o f EBT. This 

analyzer should give information concerning 

the d i s t r i bu t i on of ion p i tch angles in EST. 

1.2.3 Thomson Scat ter ing 

J . A. Cobble 

M. C. Serker 

R. A. Dandl 

M. F Hesse 

'.ecause of the low electron densi ty, the 

high p^sroa l i g h t l i v e l , and the harsh x-ray 

environment, ea r l i e r laser s c a t t t r i n g exper i ­

ments on EBT have not general ly boen use fu l . 

This year i n s t a l l a t i o n of an improved Thomson 

scatter ing system was begun, and prel iminary 

resul ts indicate that plasma electron tempera­

ture and density w i l l be measurable w i th the 

diagnostic- I n i t i a l experiments used new 

analog processing instrumentation to accu­

mulate data from up t o ten 50O-MU laser shots 

per monochrometer s e t t i n g . Signal- to-noise 

ra t ios of f i ve have been recorded 100 A from 

the ruby wavelength. 

These f i r s t e f f o r t s showed the importance 

of a good viewing dump to s i , ?ss stray 

l i g h t and of shutters tc protect vacuum 

windows from deposit ion of sputtered mater ia l . 

Also noted was the necessity of bet ter 

rad ia t ion shielding fo r detectors and of more 

frequent system c a l i b r a t i o n . 

Oelivery is expected soon on a f i v e -

channel polychrometer that w i l l decrease data 

acquis i t ion time and the number of laser 

Shots required. In add i t i on , work has begun 

on a mirror ro ta t ion technique for obtaining 

spat ia l information. 

1.2.1 Heavy IOTT_ j5earn_ Probe. 

S. P. Kuo F. K. Bieniosek 

Measurements with the ion bean probe 
have been continued under rr".-I conditions. 
Areas of ..ivestication have been the effect 
oil the space potential cf r.icrowave heating 
and field errors and the continuity of 
potential along field lines. 

The result of a study of the scaling 
with pressure and power for a number of space 
potential scans is illustrat in Fig. 1.4. 
Of interest is the evident smoothing of the 
potential well when 10.6-GHr profile heating 
is introduced. 

Also, the continuity of the space 
potentia- alonq toroidai magnetic field lines 
has been investigated by eliminating the 
microwave power from t!,e cavity in which the 
beam probe operates and from adjacent cavities. 
No appreciable change in the potential profile 
has been observed. It can be inferred from 
these measurements that the potential drop 
along field lines is negligible when compared 
to radial variations. 

4 0 0 

500 

* 200 
M 
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(00 

OftwL'OwG/fto ra *o» 

SPACE POTENTIAL WELt DEPTH »» PRESSURE 
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5 6 7 8 9 

PRESSURE i<0* ( to»f ) 

Fig. 1.4. Potential well depth vs ambient 
pressure for the cases with and without profile 
heating at 10.6 GHz. 



I re of-erating range o ' the heavy icr. 

fea^- probe has been expanded to handle the 

l . ' re jsec voltage requirements, »hicn are 

;i->-;es •<..-.• because of the higher m.igoelic 

'" t !- -* of £BT-S. The en t i re beast '• ine has 

Keen tpgradeJ f ron CO kV tc 60 kV. 

' • j r t he r , the s t a b i l i t y and accuracy of 

the 1151 voltage detection c i r c u i t have teen 

i^t iry.ed. Tnis c i r c u i t r.ust have temperature 

ar.i voltage s t a b i l i t y of one part in I 0 - I 0 - . 

The '0''. 'wn st ructure has been nod i f ied to 

accomodate a conmerciai a l k a l i emi t ter . The 

v proved pu-Uy of t n i s source allows measure-

em o-.er a bma-Je r region of the plasma 

cro:< sect ion. 

! . " . 5 Toro idaj Plasma Impuri t ies fran vuy 

Emissions 

'1. - . Larar >;. n. Carpenter 

Analysis i f data fror, spat ia l scans of 

/acuur u l t r a v i o l e t ivuvj er iss ions of aluminun 

•jr.-a cursor, i - .pur i t ies was continued in L3T-I 

ust '5 a -ed i f i ed algebraic reconstruction 

tecrniqae. ' Ear l ier estimates of low impurity 

densities- in tne toro ida l plasma were confirmed. 

Summarized in Table 1.1 are impurity ior. 

densit ies at the center of the midplane. 

Table 1.1. Impurity ion densit ies in the 
region of the t o ro ida l l y confined plasma, 

assuming an electron density 
of 2.0 x 1 0 " cm"' : 

Density ( C T " ') 
Ion charge state at r 0 

H I '<;.2 x 10' 

C I I r..<1 x 10 

C I I I 3.9 x 10' 

C iV 1.0 x JO" 

C V - 1.4 x 10 ; 

A M I 4 7 x 10" 

A! I l l 1.3 x 10 

1.2.6 Tqroi.'ial Current ir-j< - 'jyy.* ' e l ; 
Co^5?'isatior 

5 . v. sucn r . !'. L-i«.>;--.e>i 
S- P. !.aO 

The glo.-al f i e l d compensator; ?r- EST is 

used to redu :e cr enhance f .& s-ystsr j loba l 

f i e l d e r ro r , thus penr i t t in - j s t u d i o c-f 

plasna s t a b i - i t y and cent" i -erent wi :n f i e l d 

e r ro r as a ;ara.-eter.~-

In crder to show the e f f e c t of f i e l d 

e r ro r on u o stru'tur;.- or the potent ia l 

p r o f i l e , th'» p o t e i f i a i p r o f i l e was n-easurea 

for a number o f f ' e l d error condit ions with 

fixe<J pressure anc power [see Figs. i .S 'a ) 

and 1.5(*»)]. F ig i re 1.5(a) shows the measured 

toro ida l ."'.rrenr j s a funct ion of appl ied 

hor izontal correct ion f i e l d ; a t f i v e points 

on t h i s cu-ve, potent ia l p ro f i l es were measured 

along a canted ve r t i ca l path defined by the 

heavy ior, bean through the bottom ha ' f of the 

plasr-a [see F ig . 1 .5 (b ) ] . These f igures are 

re lated a< fo l lows. In the region of i-nni^ur1 

net to ro ida l current (between cases 3 and 4 ) , 

the po temia l p ro f i l es remain nearly the same 

and are consistent wi th the typ ica l two-

dimensional {2-0} p r o f i l e that exhib i ts a 

deep potent ia l w e l l . Outside th is region, in 

botn d i rec t ion , the potent ia l well is found 

to decrease as both f i e l d er rors and the net 

toro ida l current increase. Cases 1 and 5 

show s imi lar potent ia l p ro f i l es at opposite 

extreme? of to ro ida l current . In both 

d i rec t ions the potent ia l well is found to 

decrease as net toro ida l current increases. 

The potent ia l asyrrnetry that develops at 

these extremes appears to be re lated to the 

ve r t i ca l d r i f t of electrons whose d r i f t 

surfaces in tersec t the system wa l l . 

Th<> feature of minimum net toroidal 

cur ren t , as observed in Fig. 1.5(a), suggests 

that an essen t ia l l y r.urrent-free conf igurat ion 

is maintained when f i e l d err~. arc cancelled 



Fig. 1.5. (a) Toroidal current as a 
'unction of horizontal correction current; 
(b) radial potential profiles for the cases 
indicated in (a) under the plasma conu'tlcns 
of total applied microwave power, *i kW, all 
at IS GHz, and an ambient p.essure of 
6.1 x lO"^ Torr. 

Out. In order to confirm this conjecture, 
four independent current pickup loops located 
on the outer surface at four different 
poloidal angles (•> = 60°, laO", 240 6, and 
330") have been used. The signals obtained 
from each of these pickup coils are plotted 
in Fig. 1.6. It is found from these measu 
ments that, for error fields larger tha* the 

o«*./w»e/reo »•-«•» 

5 -TO I I I I L 

- r o l ! 1 1 1 1 1 
-20 -15 -10 -9 O 9 10 

I„ (amp*) 
Fig. 1.6. Detailed current variation 

detected by four extra current pickup loops 
located at 60°. 150°. 240°, and 230' 
poloidal angle. The zero lines are provided 
for comparison. 

critical value !.B/B > ( S / B ) c r . all four 
toroidal current signals are of the same sign 
and increase simultaneously to large ampli­
tudes. In the region of Siv.aU net toroidal 
current, the amplitudes of all signals reduce 
to small values, as expected. However, there 
is some detailed structure on the small 
residue current in this range of field errors. 
Each of these signals seems to vary sinusoi­
dal ly at\6 to cross zero once as the horizontal 
field error sweeps through this range. The 
sinusoidal behavior of each signal appears to 
be consistent with that expected from a 
diffusion-driven current J, - (2; x &),,/>.r„ = 
2-VB./nV 

http://Siv.aU


1.2.7 Absorption o_f the Ordinary Wave in 
Finite Temperature EBT Placia» 

which leads to 

. ( x ) - « { ? • - TJC) - 0-3V 

In EBT the coupling of the microwaves to 
the plasma i s nade through the electric field 
at the cavity port openings. Sose portion of 
the wave energy i s deposited in the region 
where the propagation f.-equency i s near the 
electron cyclotron frequency. The electrons 
are heated as a result of this resonant 
irteraction with the wave. The power absorption 
of the wave at the e'ectron cyclotron freqoewy 
can be est»e»t«d froa the injected wave, 
considering the finite electron tewperature. 
effects beciuse ccld plasoa. theory does not 
predict a.ty absorption for the ordinary wave. 

If, the cavity the c dinary wave is 
propagating perpendicul; to the magnetic 
field B with the freqw cy i , which is jiigher 
than the plaswa freot.- ;y - - The microwave-
electric f ie ld, I = F , e ^ j t ~ k x 5

l emst satisfy 
the following wave equ. tion. 

d;C 
dx- $ ' zz 

E * 0 (1.1) 

Here • is the dielectric constant; for 
Nsxwel Hat. electrons with the f irst order 
Larmor radius c corrections, i t takes the 
form 

Using Eqs. (1.2) and (1.3) in E<j. ( t : l> , we 
get , v 

K- A c / A ' x<» St / "'-_•' 

wfeent; 

g?--P --CpM'J . 

,, .2 
2 

a. 

(1-5) 

(1-6) 

a«J t •< 1, which accounts for fht other wave-
damping mechanisms. 

The solution of Eq. 0 - 4 } can be expressed 
in terms of the tehitiaker functions, 9 

M . . •!,{*•)• Usino the large argument 
expansion of W .{>.) for x > G and x < 0, 
the moduli of the reflection and transmission 
coefficients are* las < - 0) 

•R; - 1 - 2xp i-r.r,) , 

ITI • exp (-rr,/2) (i.n 

t * 1 zz (?)('•; / - ) • (1.2) 

where u = k :s~/2 • Tg/m^c- and . * jejB/m c 
is the cyclotron frequency. Further assume 
that the inhomogeneous magnetic fit-Id at the 
resonance region may be ^iven as 

6 B (1 
u 

ax) , 

Her* r, = f~J Oj/g,- Hente, the fraction of 
the absorbed power A becomes 

A = exp {-*n)n - exp ("-n)} - {1.8} 

The characteristic magnetic fi«ld scale 
length a"1 mey be expressed in terms of the 
mirro- ratio K and the plafna radius a in the 
fonr 



Fo»- the present EBT, J5 * 2 ; thus, 

• V ; \ s a . (?-9}" r 

Using tqs. 0.5), (1.6). and (1.9) in 
Eq. {1.7). we get 

r f- 0.10) 

K-Wl 
The fraction of the power that is absorbed at 
the electron cyclotron resonance (£CR) 
region in EBT-S can now be estimated by the 
toroidal plasma with the following typical 
plasma parameters: « /.* = 0.7, u/2n = 28 GHz, 
1 = 600 eV, and a = 12 en. From Eqs. (1.8) 
and (1.10). it . found that almost 16- of 
the incident microwave power is absorbed. 

1.2. S EBT.-J.I 

J. C. Glowienka 

An engineering scoping study of the next 
generation LBT device (EBT-II) has been 
completed. Except for an already funded, 
millimcter wavelength, very high power 
microwave source development program, the 
study stressed design compatibility with 
existing technology so as to permit estab­
lishing a baseline cost for ttw machina. 

The EBT-II device represents a dramatic 
advance for EBT physics and technology and is 
based on two critical assumptions 

(!) Electron and ion transport in EBT-II will 
be neoclassical, as in the present EBT 
experiment. 

(2) The requisite microwave and super­
conducting technology will be available 
if sufficient lead time is allowed for 
development. 

jaa.EBT-»t sachiafc will be able to test 
agss-«si'*ely the validity of neoclassical 
scaling bec-Juse sf the increases in basic 
device parameters of microwave frequency n , 
magnetic field E, and mechanical aspect 
ratio. 

The first stage of the experiment ifiTi 
concentrate on examining the scaling made 
possible with the device improvements. The 
higher u and B should allow operation at 
higher density where, as an added benefit, 
plasma diagnostics rare mere reliable. In 
addition, the larger aspect ratio should 
improve the neoclassical confinement tine, 
which scales as tne aspect ratio squared, by 
an order of magnitude. An additional 
feature designed into t;.i device is the 
ability to control flexibly and to increase 
the effective aspect ratio with si.ppl5mentary 
toroidal aspect ratio enhancement (ARE) 
coils, thereby pushing the scaling test even 
further. The current design calls for an ARE 
ractor of about 2, which should increase 
the neoclassicjlly calculated lifetime about 
a factor of 4. Under optimum conditions 
this phase of operation may yield confinement 
times of -0.2 sec, temperatures of ̂ 3 keV, 
and nT of 10 l' sec/cm'. 

The second phase will certer on ti.« 
addition of auxiliary heating, most prjbatly 
neutral beam heating. Wi;.h the added heat 
and particle source allowing control of the 
electric firld, we estimate an increase by a 
facor of 2 in energy lifetime at increased 
plasma density. It is possible to demonstrate 
reactor-like conditions in hydrogen with 
v. •• 10',. 

The parameters of the EBT-II scoping 
study are given in Table 1.2 and are compared 
with those of EBT-l and EBT-S. Ltesign studies 
are continuing and are aimed at establishing 
a more cohesive overall EBT program that 
embraces (I) EBT-S, (2) the required develop­
ment activities for EBT-II that can be 
addressed both on and independently of EBT-S, 
and (3) EBT-II. 



Table 1.2. Machine and plasma parameters for U1T-1 EBT-!,. and IBT-II 

Past 
EBT-I _ J'resen^ __ fjujlure._....... 

experiments concluded 
November 1977 
(measured) 

EBT-5 
experiments started 

sunnier 1978 
UJT-U 

reference design 
(anticipated) 

Machine 
Magnetic field (midplane, 

mirror) 0.45 T. 0.9 T 0.65 T. I.J T 3.0 T, 6.0 T 
Magnetic field power 

Toroidal field coils 7.5 MN 10 MW 1.3 kW (refrigeration) 
ARE coils None 15 MW 
Torus volume 1350 liters 1350 liters 5500 liters 
Major radius 150 cm 150 cm t20 cm 
Coil mean radius 18.8 cm 18.8 cm ?.H cm 
Aspect ratio 3:1 8:1 »20:1 
Microwave power, 

continuous wave (CM) 
r .">K heating 60 kW, 18 G»* 200 kW, 28 3Hz 1.6 MW, 120 GHz 
Profile heating 30 kU, 10.6 GHt 60 kW, 18 GHz 800 kW, 70-90 GHZ 
Neutral beam 

heating (cw) None None 1 MW at 20 kV 
Hoc electron annulus 

3e 2-5 x 1 0 " cm"-1 2-5 x 1 0 " .m -3 1-6 x 1 0 " cm-' 
e •100 keV -100 keV 500-2000 keV 

v\ nnulus 10-40% 10-40J 10-50J 

Toroidal plasma 

1-2 x 1 0 " cm"> 
150-600 eV 
70-150 eV 

Measured 
EBT-1 temperatures at 
higher densities 
(preliminary results) 

Anticipated at 
full power 

2-6 x 1 0 " cm' 5 

300-800 eV 
100-200 eV 

Anticipated at With auxiliary 
outset heating 

n e 
Te 
Ti 

1-2 x 1 0 " cm"> 
150-600 eV 
70-150 eV 

Measured 
EBT-1 temperatures at 
higher densities 
(preliminary results) 

Anticipated at 
full power 

2-6 x 1 0 " cm' 5 

300-800 eV 
100-200 eV 

•*£ x 1 0 " cm" 3 

3 keV 8 keV 
3 keV 8 keV 

amax 
Midplane minor radius 

0.2-0.6% 
10 cm 

M).5% 
10 cm 

•; H 10% 
<17 cm 

Effective aspect ratio 8:1 8:1 •40:1 
Volume 400 liters 400 liters <2000 liters 
nx 5 x I 0 1 0 sec cm* 5 M O 1 1 sec cm" 3 ^•10" sec cm" 3 
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1.2.9 The 23-GHz, 200-kW cw £ recta?" 

Q/JLlP.^PI1.. Heating System for EBT-S 

H. 0. Eason 7. L. White 

G. F. ° ierce R. E- tfintenberg 

Experirants in the EBT-I f a c i l i t y , a 

24-sector, bumpy t o r o i d a l , dc magnetic t rap 

heated at 18 GHz, have shewn that plasna 

currents produced by sicrowave-heated, hot 

electron annuli can provide macroscopically 

stable plasna confinement in a steady-state 

bumpy torus. The EBT concept i s a t t r a c t i v e 

for extension to a fusion reactor and has 

been selected by the Department of Energy 

(DOE) as the leading a l te rna t i ve to the 

roks^ak s*d mirror approaches tc cont ro l led 

fusion. Crucial to th i s extension is the 

development of l i i gh e f f i c i ency , mult inegawatt, 

cw FCH systems operating at mi l l imeter 

wavelength. I n i t i a l scal ing experiments are 

being conducted at a heating frequency of 

23 GHz in the EbT-S f a c i l i t y , a modif icat ion 

of EST-I ^ e m i t t i n g operation at higher 

magnetic f i e l d st rength. 

Primary ECH power at 28 GHz for EBT-S 

is provided by a type VGA-8000 cw gyrotron 

osc i l l a t o r developed by Vari?n Associates 1 

under ORNL subcontract and designed for 

operation at a power output, of up to 20C <'« cw. 

The basic pr inc .p le of i t s operation involves 

cyclotron resonance in teract ion of a hoKow 

electron beam having large transverse energy 

mth a cy l ind r i ca l resonator operating in the 

Tf.;,. mode. The basic elements of the gyrotron 

include the electron gun, the microwave 

in teract ion c i r c u i t , the e lectron beam 

co l l ec to r , the microwave output coupling 

system, and the magnetic sys ter , which i s 

essential for focusing the electron Lea" and 

for the cyclotron resonance in te rac t ion . 

The EBT-S 28-GHz gyrotron ECH system, 

which u t i l i z e s a power supply system con­

structed by Universal Vo l t ron icc , Mount 

Kisco, New York, to ORNL performance speci­

f i c a t i o n , includes an adjustable, negative 

100-kV, dc, 10-A beam supply isolated fror. 

ground for r on i t o r i ng of beam in tercept ion . 

I t also includes a heater supply ard an 

ad justab le, we l l - regu la ted , low cur rent , 

40-kV pos i t ive supply referenced to the 

negative high voltage terminal f o r operation 

of the ragnetron i n jec t i on e lectron gun. 

Both the beam supply and the electron gun 

supply are equipped wi th fas t crowbars to 

d i ve r t stored energy in the event of a f a u l t . 

Typical VGA-80OO operating parameters Are as 

fo l lows: beam voltage o f 80 kV, beam current 

of 8 A, and electron gun accelerat ing voltage 

of 27 kV. The required magnetic f i e l d of 

=11 kG is provided by a water-cocled copper 

magnet energized by a bank o f four w e l l -

regulated, high cur rent , low voltage suppl ies. 

Microwave power Output i s cont ro l led aver a 

dynamic range of 18 dB by var ia t ion of the 

transverse energy component of the electron 

bean. Transverse energy control is aci /?.-

pi isned by i corbinat ion of s r a l l magnetic 

t r i r co i l s surrounaing the electron gun and 

by var ia t ion of tne ext ract ion volume-. The 

gyrotron is constructed wi th a la rge, water-

cooled, copper co l l ec to r capable of d i s s i ­

pating the f u l l 640-kU power of tne electron 

beam. System cool ing requirements are met by 

a closed loop heat exchange system using 

Jemineralized *<jter. The co l lec to r flow 

requirerent 'S 300 gpr at a pressj ie drop of 

150 p s i . 

The output waveguide of the VGA-fcGOO has 

a 6.35-cm-diar' c i r cu la r cross sec t ion , and 

the output power propagates pr imar i l y in the 

TEo,. mode, one of the family of c i r cu la r 

e l ec t r i c modes that have /*• y low-loss trans­

mission charac te r i s t i cs . The output wave­

guide window of the gyrotron consists of two 

transverse disks of BeO ceramic separated by 

*'• II and coded b/ c i r cu la t i on o f a low-loss 

f'.uorocarbon l i qu i d through the space between. 

The output waveguide is capable o f supporting 

almost 100 propagating modes at 28 GHz, and 

extreme care is exercised to maintain constant 

cross sect 'on and minimize d iscon t inu i t i es in 

the transmission system, the object ive being 

to minimize conversion of owr between .™odcs 



i~c :z avoid trapped-oode resonances in the 

;..s:e . '•'iter bends of 9G ; are used to 

accorpV.sr. changes in waveguide d i r ec t i on , A 

cross o>:de" d i rec t i ona l coupler, developed 

for r o f t o r i n o cyrotron output power and 

powe' re f lected from EBT-S, i s comprised of 

in te rsec t ing , c i r c u l a r waveguides with a 45' 

meta l l i c septum perforated wi th aii array of 

c i r cu la r hcles. Integral power measurements 

are obtained by ca l o r i ce t r i c ioads of *»ow 

thermal capacity connects^ tc the coupled 

ports of the d i rec t iona l coupler. Addit ional 

fast response c m i t o r i n g of power and f r e ­

quency is accomplished through use of samplers 

that respond p r i r a r - l y to TE7"n :>:odes. 

'waveguide materia• i ; copper except for short 

'engtns of sta in lesr steel waveguide inserted 

in to eacn s t ra igh t run for the purpose of 

'!"-tro<3jCir.g preferent ia l loss for higher 

' / C " -odes. "*ve resu ' ts ir. aanping of 

'.r:-:'-':".- '.'j,;e resonances. Waveguide arc 

^-sv;s*. < , r ; : acoo-pl is red c/ a photoelectr ic 

:- ; te:".o r v a t views the output window and 

'.-.".: a'.f-z v e oo.er supply crowbar. w'a/e-

-,*:zz arc exponents are water cooled for 

environmental compat ib i l i t y wi th associated 

e i j i p r e n t . "he waveguide vacuum window used 

for entry into lil-Z is s imi la r in design to 

that used on the gyrot rcn. "he waveguide 

transmission system is operated at 3 s l i g h t 

pos i t i ve pressure of dry nitrogen to minimize 

corrosion and to prevent the entry of moisture 

or foreign matter. The 28-GHz microwave 

power is fed in to a large, copper-plated, 

water-cooled, s ta in less steel toroidal manifold 

; -a j c r diameter = 200 cm; minor diameter = 

11 c-"j that also serves as a vacuum pumping 

Tianf'oM for E37-S. Radio frequency ( r f ) 

i s o ' a v o n of tne vacuum pumps is provided by 

:cccer o ' a t e : perforated with an array of 

oe T W - O . J V , " : V c j I a r ro les . Power at 28 GHz 

•'. i i ' . * f W . « i ! to eaor of the 2< sectors of 

•J.:'-", '.nrough iddv . :o ra i perforated copper 

.. ' .rtf f . . -Men na/'ng i - .ertral ' .y located, 

12 

c i r cu la r coupling aperture several wavelengths 

in dianeter. Thus, the rf d i s t r i bu t i on 

manifold functions as a very low-Q re f l ec t i ng 

charcber in which the loading is provided by 

strong coupling to the cyclotron-resonant 

magnetic f i e l d regions of tET-S. Power 

d i s t r i b u t i o n is adjusted empir ica l ly by 

changing aperture diameters. Measured plasma 

p-jrwipfprc, which are strongly dependent upon 

.applied ECS power ( v i z . , balance of the stored 

energy in the high beta , hot e lect ron r ings 

in a l l o f the 24 sectors of EBT-S) are used 

as c r i t e r i a fo r adjustment of power d i s t r i ­

but ion. I f t r t i a l operation of EET-S a t power 

levels.exceeding 50 kW cw was at ta ined durint. 

Sep.ember 1978. 

1.2.10 28^Kz_0versjzed May ejjuide Oevelopr--.~t 

T. L. White 

Work during the past year has concen­

t rated on improving our measurement tech­

niques in an oversized wavpguide at 23 GHz. i * 

pa r t i cu l a r , a r i t e r bend detector was developed 

to measure r var iat ions in the E. f i e l d in a 

6.35-crc-dian-. oversized waveguide, and a 

rotary detector was b u i l t to measure t and 

z var ia t ions in the v_ f i s l d at the wall of 
z 

tne waveguide. Tnese measurer/i^ts great ly 

increase our understanding of the e f fec ts on 

mode pur i t y of miter bends, tapers, and other 

components in oversized systems. 

A lso, methods of measuring low level 

(•*! mW) microwave power independent of mode 

content are being invest igated so that over­

sized waveguide components can be characterized 

by the i r quasi-opt ical transmission propert ies 

rather than by a complete mode-by-mode 

descr ip t ion. 

In add i t i on , the e lect ronic measurement 

techniques have been improved by the use of 

lock- in ampl i f ie rs and other signal processing 

techniques to improve s ignal- to-noise r a t i o ' . 
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A TEV,-. vc ';E ,- <r,cde transducer was 

developed to test a new output coupling 

system applicable t o gyrotrons. TMs t rans­

ducer has excel lent mode p u r i t y , and a is i i lar 

techniques can be used to exc i te ar.y TE" mode. 

The transducer consists of a TE70 resonant 

r i n g , that i s , an integer number of guide 

wavelengths in aean circumference, wrapped 

around a c y l i n d r i c a l cav i t y . Coupling to the 

cav i ty is achieved by u»>ng the same integer 

number of coupling holes ( a l l in phase) that 

p re fe ren t ia l l y exc i te the TE, rcodes i.i the 

cav i t y . The cav i ty has large i r i ses a t each 

end to resonate the desired TE"_. mode wi th a 
on ; 

high Q while a l lowing lower order , c i r c u l a r 

e l ec t r i c w>des to rad ia te out a t very low 

levels. The T£ scde i s loaded by coupling 

out of the cav i ty thro-jgh one of the i r i ses 

into a c i rcu la r waveguide, thus producing a 

T£ aiode of high pur i t y sui table for tes t ing 

oversized waveguide componer.ts. 

1.2.11 Wa 11 Ef fects on the_ Absorption 
of .Ejectron Cyclotron. Waves 
in_an E!sT Plasma 

T. Uckan 

The absorption of electron cyclotron waves 
propagating along an externally applied .naijnetu 
field in a uniform plasma surrounded by a 
cylindrical, metallic cavity wall was studies. 
In the model the cavity wall, the vacuum-
plasma interface, and the effects of finite 
electron temperature were considered, and 
the dispersion relation for the wave propa­
gation was derived. The results were then 
applied to the EBT-I plastna and the propa­
gation characteristics computed. The wave 
absorption in the ordinary mode was found 
to be a result of the wall effects, which 
cannot be predicted with the infinite plasma 
theory. The loaded quality factor Q. was 
also estimated from the model to be about 1?, 
which is in good agreement with thp rxperi-
mentally observed value. 

1.3 TOKAJfck RESEARCH 

1.3.1 The ISX-A Tokaaak 

Plaswa Cor.fineaent and I«^arrity_Flgg« ^ 

Reversal Experiments in the JSX-A Tokamak1 s 

K. Murakami 
K. H. Barrel1 
T. C. Jernigan -
T- Amanoc v-,, 
S- C. Bates 1-
C L-. Bush k\ 
R. E. Clausing 
R. J. Colchin 
E- C. Crume, or. 
t r -- «W»o„-
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5 . t . HfJora 

H. temkun$ 

ft. P. Havarro 
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6 . H. Kaitson 
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L. iu r ro 

This paper e s c r i b e ; e*peM'.enta I studies 

in ISX-A, a tOk.an-.Ai. wi th c i rcu lar .iross 

sec t ion , moderate s ize, <>nd r e l a t i v e l y low 

toro idal f i e l d , S» • IS The confinement -

studies investigated p l a ^ - j behavior (espe­

c i a l l y e f fec ts of impuri t ies on plasnia con­

finement) under a wide range of discharge 

condi t ions, wal l cleanlin-jss (discharge 

cleaning vs t-.ta'.lum ge t te r i ng ) , l i . ^ i t e r 

i i a te r ia l s (s ta in less s t e e l , carbon, and 

molybdenum], plasnw fue l ing wetnods (gas 

pu f r i ng and pellet, i n j e c t i o n ) , and workinc 

gases (hydrogen and deuter 'utt) . Optimur 

confinement parameters ( T , - 30 msec, L .. -

1.5) resul ted wi th a sta in less Steel l i m i t e r 

aid t i tanium getter i r .g. Tne i n i t i a l l y l inear 

increase of gross energy conf menerit t i ne r 

http://tOk.an-.Ai


' , . , a. parent ' 

-.••;•.' c ' . t . ' cvc - a : , , H i ' i J i r \ 1-.prove-

•l-'C:'"':ri spr.r-; , ' . o r . * ' i r c e r t wi t* ! 

.•' '.sit... >-:- ' . ; " ' •.)'; , j k e . . of . , a'--: 

. • r . t ro l ^ o r c i o a l r . e t j , 2.? ', achieved 

k k a n t k n~r.._-r tnar. tnose ob ta ined 

'..•.»a-iv-.- " f s i i i a r s c a l e r , ' r e 
: : ' : e er.t .vis r a i r l v t 1 e r e s u l t o f 

v i . - h - : 

; • _ • . , , - i ^ i • c i a i l y 

we i 

si--

p u r i f i e r . This conc lus ion 

supported by d e l i b e r a t e i n j e c t i o n o f 

j s t e r . i n t o the d i s c h a r g e . Stud ies of 

J " - i t , t e r . a v k r were h ,.J;.1 i gh ted by the 

j ' " ! * . . ; f lov. r e v e r s a l exper iment . A p o l u i -

' •. '> ' ,rTo! r \r \,cirre- r * - , "O tO n S S u h s t ' ^ n -

;'..- i i t e r . - : j the t r a n s p o r t of an i n j e c t e d 

ri '..-.?. k j u r i t y , and tne changes observed 

e c o n s i s t e n t w i t h e x p e c t a t i o n s ba^e:' or. 

p i e n e o c l a s s i c a l t r a n s p o r t models. 

L *j>erj n.enta 1_ pb_sejry_a_t_i on_ _o/_ _the_ j " ' £ u r k j ' -

t icw-Reversar E f f e c t i n a TokapaV Plasma-• 

r. H. B u r r e l l 

J . C. DeBoo 

L. S. Ensberg 

R. P ra te r 

S. K. Wong 

C. L. Bush 

R. J . Colch in 

P. r1. Ednonds 

•,. U. H i l l 

R. C. I s l e r 

T. C. Jern igan 

M. Murakami 

G. H. fie i l son 

The inward t r a n s p o r t o f a neon t e s t 

i m p u r i t y i n j e c t e d i n t o the plasm.a in the ISX 

tokamak has been s i g n i f i c a n t l y reduced by 

p o l o i d a l l y asynnretr ic i n j e c t i o n of hydrorjen 

gas i n t o the d i s c h a r g e . The r e s u l t i s con­

s i s t e n t w i t h the i n p u r i t y f l ow reve rsa l 

e f f e c t as p r e d i c t e d by n e o c l a s s i c a l t ranspor t , 

t h e o r y . 

'^rz> 

<-. i .ates 

E. t u s n 

J . Co7cni 

L. Eur lap 

!•-. Ed-cnj 

»'. - i l l 

' ' c ' . e i l : 

•••ine:c;c 

'.c-idij-. 

'are 

Gross energy c o n f m e i c - n t t i r e s - i n 

tne ISX-r. tokarr.ak exceeded p r e d i c t i o n s o f ' h e 

usual e m p i r i c a l s c a l i n g r e l a t i o n s . We a t f - i -

bu te t h i s performance t o r e d u c t i o n s o f i - . p u r i t y 

r a d i a t i o n and r -d ' jne tohydrodynar ica l l y c r i v e n 

loss cnan- ' i - ls . The va lue o f : r reaches a 

l k . i t as a f u n c t i o n o f plasma d e n s i t y . '.\e 

suggest t h a t t h i s l k . i t is due to a t r a n s i t i o n 

f ro- e l e c t r o n - d o r , i n a t e d to ion-oo; : ; inated loss 

••<:-ji e s . V a / k u r a t t a i n a b l e values o f - f 

i nc reased w i t h d i s c n a r g e c u r r e n t , i n a g r e e ­

ment w i t h t h i s i n t e r p r e t a t i o n . 

^P e c. t-. r.°. s. c. 0 i iJ. c. ?^??? 

R. C. I s l e r 

One aspect of the confinement studies in 
ISX-A concerned correlation of the total 
power losses at the walls of the device with 
spectraily resolved intensity measurements in 
order to assess tre radiative losses from. 
various impurity .ons. This program was 
pursued over a wide variety of experimental 
conditions and, in particular, over a range 
of values of Z -, • from 1-6. eft 

Two sper.troneters were used to investi­
gate the vuv region where most of the radia­
tive losses occur. A Mcf'herson model 225 

http://lk.it
http://lk.it
http://sper.tr


por-'u i - i n c i d e n c e "• r s * r " j " e : " t was e~£iC..e-2 *Ci 

the spectra! region between 36C \ and '25C \ . 

anc a Mcrherson r>odel 2-7 grar i rg- inc iaence 

spectrometer was used for phctojrapnic studies 

between 15 \ and 650 \ . Tre ef f ic iency of 

'. e noma'- incidence spectrometer and of tne 

detectors used with U was deterr ined sepa­

rate ly in order to obtain an absolute c a l i ­

brat ion of the system. Power losses fror. 

speci f ic ions were obtained during eacn 

sequence of shots f ro^ tire-dependent measure­

ments of the i n tens i t i es of several spectral 

l ines together wi th the use of photographic 

spectra that enabled us to estimate the 

re l a t i ve i n tens i t i es of l ines above and below 

36G A. 

The resu l ts fo r three sequences of shots 

are shown in Tables 1.3-1.5. The agreement 

between the radiometer data (which measures 

the to ta l power appearing at the wa l l ) and 

the spectroscopic estimates i s w i th in 30 for 

most of the cases studied. A notable excep­

t ion is the resu l t a t 50 nsec af ter breakdown 

presented i n Table 1.3; here the two measure­

ments d i f f e r by a factor of more than 2.5. 

Figures 1.7 and 1.8 show the evolut ion of the 

electron concentrat ion, the radiometer s i gna l , 

and several spectral l ines during the d i s ­

charges from which Table 1.3 was constructed. 

A strong hydrogen gas puff is introduced in to 

the r^asma a t 80 msec a f te r breakdown. The 

electron concentration increases by a factor 

of almost 4 , but the radiometer signal goes 

up only by a factor of 2. In cont rast , the 

impurity l i ne rad ia t ion r ises by factors c f 

3-7 between 80 and 100 msec. Those resul ts 

indicate that as much as 20-30 kW of the 

radiometer signal in the low density part of 

the discharge may be due to energetic neutral 

par t ic les that escape from the plasma. This 

conr luslon i s substantiated by other exper i ­

ments in which large, rapid changes of the 

electron concentration were employed. I t 

appeared that at concentrations of n v 

1.0 x 1 0 n , 20-40 kw of the radiometer signal 

could be a t t r i bu ted to neutral pa r t i c les . 

OSNL OwG PEC--"9-e88 
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Tig. 1.7. Tine dependences of (a) radio-
re ter signal and (b) n o for a shot f w iSX-A 

during which a r a p i d , strong puff of hydro-son 
is introduced at 75 msec. 

One other s t r i k i n g feature of the discharges 

analyzed in Tables 1.3-1.5 is that tne 

hydrogen rad ia t ion not only account:, for a 

larger f rac t ion of the power loss d ; ^e,ft 

becomes lower but that the absolute inter-. i t ie-

el so increase. 

Ener_2y_f lux_ «easiiren«jn_ts_ on ISX-A 

C. E. Bush G. R. Dyer 
R. E. Worsham 

Time and spatially resolved energy flux 
measurements on ISX-A were carried out using 
single uncollimated detectors and an array of 
six col lima ted detectors. Unco 1 lima ted 
detectors give the total power 1'»,s to the 
walls, and the array allows determination of 
the spatial origin of these losses. Initial 
results were documented in the last report.'•' 



"ablt- 1.3. Analysis of plasmas with • Z f f * 2 

Time after breakdown ('msec ; 

50 ICO 150 

t-nission rate/power (gR) r t (kW) (gR) (k«) (gR) (kW) 
HI: ls-2p 44.0 3.1 101.2 7.2 39.7 2.8 
OVl: 2s-2p 7.1 0.6 52.9 4.4 50.8 4.2 

NV: 2s-2p 2.6 0.2 26.0 1.8 19.4 1.4 

C I I I : 2s-2s2p 1.3 0.1 4.5 0.4 2.1 0.2 
. FeXVi: 3s-3p 4.4 0.7 4.4 0.7 1G.3 1.5 

Estimated power (kW) (WO (kW) 
Hydrogen 3.9 9.1 3.S 

Oxygen 4.5 35.8 30.7 

Nitrogen 1.3 12.9 9.5 

Carbon 2.0 6.6 3.1 
totals 8.0 8.0 17J 
> Total 19.7 72.4 63.9 

Radiometer signal 54 kW 101 kU H I kW 

P0H 252 kW 226 kW 212 kW 

< Z e f f > 
n e 0.9 x 101 "7cm3 3.5 x 101 1 3 /cm 3 

2.2 
4.5 x 10 1 3 / c m 3 

agR = giga RAYLEIGH = 10* 5 photons cr.r' sec" 1. 

Table 1.4. Analysis of plasmas with <Z « > < 2 

Hydrogen puff into 
hydrogen plasma 

Deuterium puff into 
hydrogen plasma 

Emission rate/power 
HI: ls-2p 
OVI: 2s-2p 
NV: 2s-2p 
C I I I : 2s2-2s2p 
FeXVI: 3s-3p 

Estimated power 
Hydrogen 
Oxygen 
Nitrogen 
Carbon 
Kstals 

Total 

Radiometer signal 

P0H 
< Z e f f > 

(gR) (kW) 
292.3 22.4 
13.2 1.1 
13.2 1.0 
1.6 0.1 
0.8 0/. 

(kW) 
28.6 
8.3 
7.0 
1.8 
3.0 

48.7 

35 kW 
225 kW 
1.07 

3.8 x lOWcm 3 

(gR) (kW) 
88.2 6.8 
22.4 1.8 
14.7 1.1 

1.3 0.1 
4.4 0.7 

(kW) 
8.7 

13.5 
7.7 
1.8 

16.0 
47.7 

55 kW 
210 kw 
1.68 
4.7 x 10'Vcm 3 



Table 1.5. Ana'ysis of plasnas wi th --Z e f f * 5.6 

Time a f t e r breakdown (ntsec ) 

100 120 140 

Emission rate/power (9R) (MO (gR) (MO (3») (kW) 

H I : ls-2p 30.8 2.4 30.8 2.4 48.3 3.7 

0VI-- 2s-2p 83.0 6.7 74.0 6.7 74.0 5.5 

NV: 2s-2p 18.5 1.3 26.4 1.9 22.9 1.7 

C I I I : 2s :-2s2p 31.2 2.8 33.2 2.8 33.2 2.9 

FeXMI: 3s-3p 22.0 3.3 24.2 3.6 26.5 4.0 

Estimated power (Ml) (Ml) (Ml) 
Hydro :'•" 3.1 3.5 4.7 

Oxygen 50.3 50.3 41.3 

Kitrogen 9.1 13.3 11.9 
Carbon 48.5 51.6 51.6 

Metals 37.6 41.0 45.6 

Total 149.0 160.0 155.0 

Radiometer signal 130 kH 140 kW 130 kW 
p 
OH 223 kH 234 kW 219 kW 

^ e f f * 5.6 5.8 4.7 
n. 
e 

2.0 x 10 Vcm' 2.0 x 10' 5/cm" : 1.95 x lO'Vcm3 

out*. /Owe/ re o re-889 

o<» | 1 1 '1 1 A 1 T" 1 | 1 -
I 0 IV J \ 

0 3 « 789 A / \ 
" 

0 2 JL / \ " 
Of t / ^ N 

0 r r r i i I i t i 

40 eo 120 teo zoo 
TIME (m»*e) 

40 SO 120 160 200 
TIME (mi*c I 

F ig . 1.8. Power emitted by several spectral Vines when n evolves 
as shown in F ig. 1.7. e 



The data analysis is now fairly complete, and 
the Qualitative conclusions presented there 
have been verified. For example. Fig. 1.9 
shows the scaling of losses to the wall P„ 
with input ohmic power P. OH" For a wide 
variety of discharges, the fraction P

M / ? Q H '- 30*. 
This is about half that observed for the Cafe 
Ridge Tokamak (ORMAk), which had a tungsten 
limiter rather than the stainless steel 
li-niter on ISX. The low radiative losses 
found on ISX-A (and more recently on ISX-B) 
apparently resulted frosi the absence of 
high-Z contamination. This conclusion was 
supported by the tungsten blowoff experiMent 
for which uncoil imated and chorda 1 intensity 
(from the six-detector array) data were 
presented in the earlier report. The data 
point i at PJ./PQU •*- 704 is for the tungsten 
blowoff experiment. This is slightly greater 
than double that without tungsten. 

The graphite limiter experiment on 
ISX-A gave additional support to the high-Z 
argument. In that experiment a graphite 
limiter was inserted beyond the stainless 

OKm. I M J * tO • J»- I02TH 

Fig. 1.9. The fraction of power lost to 
the wall 1n ISX-A was \30U on the average. 
This Is '0.5 that found on ORMAK. The data 
point .'. above the 60* line (at ^70?) resulted 
froir the tungsten Injection experiment. 

steel lir.iter. Vacuun- ultraviolet spectro­
scopic aata showed a resulting reduction in 
the intensity of line radiation due to oxygen 
and other impurities to about half that 
observed with the stainless steel limiter 
(graphite limiter withdrawn). Some of the 
spectroscopic data are summarized in Table 1-6. 
Figure 1.10 shows the uncoil inated radiometer 
signal, with and without the graphite liniter 
inserted, along with other parameters. The 
radiometer shows the radiative losses to the 
wall to be reduced by --50*, with the graphite 
limiter; this is in good agreement with vuv 
data. 

TaMe 1.6. lewparison of plasma parameters 

Stainless steel Graphite 

1 (kA) 
V (volts) 
n e (I0 1 3 cm-*) 
< Zeff> 
Emission n ite/np 

(gR/10i3 cm" 3) 
1034 A --OVI 
629 A --0V 
977 A -- cm 
1216 A --HI 

"u'WHl 

120.0 
2.0 
2.15 
5.6 

47.0 
9.4 

14.5 
14.1 
0.55 

120.0 
1.6 
1.25 
5.1 

28.3 
5.8 
4.5 
5.8 
0.25 

Soft x-ray enhancement factors 

A. P. Navarro 
E. C. Crime, Jr. 

J. L. Dunlap 
V. K. Par* 

Analysis of the soft x-ray data included 
a systematic study of the enhancement factor 
;, the ratio by which the measured signal 
exceeds that expected for a pure hydrogen 
plasma. The detector viewed a minor diameter 
and was operated with a low energy cutoff of 
1500 eV. Expected signal levels were cal­

culated using n (r) and T (r) from Thomson 
scattering. When operation was with only 
stainless steel 11mlters in tho machine and 
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Fig. 1J0. Tim history of (a) plasma 
parameters n e , I , and V; (b) P^; and (c) PM/P 0 H 

with and without graphite 11miter Inserted. 
Energy flux to the wall with graphite 11miter 
was less than half that with the stainless 
steel llmlter. This agrees with the spectro­
scopic data given In Table 1.6. 

without deliberate introduction of inpurit"es. 
; was in the range 5-25 without gettering, 
2-6 with light titanium gettering. and -1 -!**» 
heavy gettering. Values of Z ., were 1.6-4.4 
without gettering and 1-2 with gettering. In 
most of the cases, the observed signal level 
was consistent with that calculated, including 
carbon and oxygen impurities in the amounts 
determined spectroscopically. 

Charge exchange excitation of impurity 
ions in tokamaks 

R. C. Isler E. C. Crime, Jr. 

Although electron collisions usually 
dominate atomic processes in tokamak-produced 
plasraas, charge transfer from ffdrogen atoms 
should theoretically constitute an important 
recombination process for certain impurity 
ions. The charge transfer takes place into 
excited states, and in some circumstances 
excitation via this mechanism should dominate 
excitation by electrons. Charge transfer had 
previously been observed through the sudden 
increase of radiation from the n = 3 * n - 2 
transition of 0 7* vhen 10-30-keV hydrogen 
beams are injected into a tokamak,^ but 
detection of this process had not been 
reported for the more typical, noninjtcted 
discharges where the temperature of hydrogen 
atoms is <] keV and their ambient current 
densities nH<v> are one to two orders of 
magnitude smaller than the current densities 
of the beams. In the ISX-A tokamak we 
observed certain spectral lines of 0 5 + and 
O c t that appeared to be too anomalously 
intense to have been excited solely by 
electrons. However, these anomalies are 
consistent with theoretical considerations of 
excitation through charge transfer. 1 5 

1•3•2 The ISX-B Tokamak 
Description and program 

In early 1977 a proposal was made to broaden 
the scope of the or1-,inal ISX experimental 
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program to include the study of the stability 
and confinement of high beta plasmas with 
noncircular cross section subjected to massive 
external heating jr-any tiises the o.K.r;ic hcjtir.g 
(OH) powerj. This required replacing th-? ISX 
vacuum vessel and poloidal coils with n-w 
ones to make and control noncircular pia.mas 
and strengthening the torque structure. In 
addition, the heating required the installa­
tion of two neutral beam injectors tha'. were 
originally intended for the ORMAK Upg.'ade and 
were ?y.ready under construction. Th's proposal 
war, approved in June 1977, and work started 
irmediately on the construction of the necessary 
components. The estimated cost of the project 
*as S2.36 million, with a completion date of 
» me 1. '978. A description of the tokamak 
and neutral beam parameters, as well as pre­
dicted plasma parameters for ISX-8, are in last 
year's annual report. 1* 

In January 1978 another experiment was 
added to the ISX-B experimental program: a 
ripple injection experiment to be done in 
collaboration with Princeton Plasma Physics 
Laboratory (PPPL). This experiment is 
designed to test the concept of the injection 
of neutral beams into a localized ripple in 
the toroidal f ield, a technique that may 
allow the use of much lower energy beams for 
the heating of reactor-size tofcamafcs. The 
construction of additional equipment for this 
experiment (in particular, two ripple coils 
by PPPL) moved the scheduled completion dote 
to August 31 and postponed the shutdown of 
ISX-A from February 1 to March 5. 

The conversion from ISX-A to IfX-B was 
completed at estimated cost and on schedule. 
The r'trst 100-kA tokamak discharge was 
obtained on June 24, and the neutral beam 
installation phase was completed on August 21. 
A floor plan of the new facil ity Is given as 
Fig. 1.11. 

The primary goal of the ISX-B facility 
is to study the limits on beta that can be 
achieved with neutral beam Injection and 
electron cyclotron heating. Up to 1.8 MW of 
neutral beam Injection will be available in 

1979, witn an upgrade of power to 3 KH planned 
(see below). ECH experiments in 1979 will 
use up to 200 kW at 28 GKz, and an upgrade to 
! Kti is prupu^ed. 

The confinement, high beta, shaped plas/aa 
studies will constitute the major research 
program with ISX-B. However, we will also be 
conducting vigorous stuo es in the are?' " 
surface physics and plasma edge effects, 
ripple injection, other ECK applications, 
impurity flow reversal, fueling by pellet 
injection, and advanced diagnostic develop­
ment. As with ISX-A, collaboration with 
other research and technology groups is a 
significant feature of the program. 

Confinement and heating studies 

Introduction. In the short time since 
the startup of the ISX-B experiment, we have 
reproduced essentially all the rajor results 
of che 0RMAK i 7. i e and ISX-A l a» 1 2 experiments 
and have produced relatively high beta 
circular plasmas. Successes in control of 
macroscopic ' f i taoil i t ies and in control of 
Impurities without the aid of titanium 
gettering have led to confinement times as 
favorabV and an operational space as wide as 
those achieved in ISX-A under similar experi­
mental conditions. Neutral beam injection of 
up to 0.7 HW (which is four to five times 
larger than the OH input power) into rlean 
plasmas has demonstrated significant ion and 
electron heating and provided improved macro­
scopic stability. The combination of these 
favorable features has led to higher values 
of e T [<ST> up :o 1.4*6 and e-r(O) up to T£\ 
than those obtained in previous tokamaks. 
Pellet injection, started In OFMAK19 and 
continued in ISK-A,-20 has been applied to 
ISX-3, where I t has produced factors of Z-1 
increases of plu'ma density. Initial results 
with combined pellet and neutral beam injection 
suggest that the combination will be very use­
ful in attaining higher values of 6j . 

Comparisons of .1SX-B discharge charac­
teristics with those_ o_f __I_SX̂A_. Considering 
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Fig. 1.1?. Flosr plan of She ISX-8 facil ity. 

rany features (particularly machine dimensions 
and the relatively low toroidal field) 
inherited from ISX-A and sane significant 
changes as well (such as the poloidal field 
systeis and the discharge vessel), i t Mas 
important to verify at an early stage of 
operation that the basic characteristics of 
plasma in ISX-8 are similar to those in 
ISX-A. 

The most fundamental contributor to the 
good performance of ISX-A was the cleanliness 
of the plasma. With the exception that no 
titanium gettering Is employed, the ISX-B 
experiments utilize basically the same pro­
cedures for impurity control as those used in 
ISX-A and have obtained a degree of cleanliness 
similar to that of ISX-A. Ht-jh-Z (Z > 28) 
materials were excluded in the initial machine 
configuration through the use of stainless 
steel limitfrs. In addition to H2 (or 0 2) 
discharge cleaning as employed In JSX-A, 
helium glow discharges vt used to clean the 
discharge volume prior to a day's operation. 

Feedback control is used to keep the equilib­
rium pl*&ma position close Sunt he center <jr 
the vacuun vessel both:horizontally and 
vertically, rhese efforts have led to <le«s / 
plasoas. Th*:i ,^ v a l i ^ frofc the liesistfvity 
mease«*«ients> are between 1 artfj-2.5. :'The '. 
ratio of the radiative power -:o the 3H nower, 
as meesurftioy a pyroelectric detecv-jr. is 
--30.*.. Vacuam ultraviolet spectroscopy 
Indicates, that the power radiated frqr. ircn 
iapuritifts is sdaewhat higher f a n thit in -
I5X-A. : , T̂ ^ . •'. ';?• 

Cleanliness of the plasmas-contributes 
to macroscopk BagtwtohyoVadynaeic (KKt) 
stability. -The reytdwl HHD activity often -
observed at the beginning of trs rjgutatid ;. 
current phase is controlled by'the lechnV*,.* 
developed 1n ISX-A:1*!-a moderate Jlevel of 
gas puffing with appropriate t i l ing. This, 
procedure results in the majority of dis­
charges oeing characterized by low levels of 
Mirnov oscillations and clear internal d\s-
ri;ptlons. ffte maximum values of n achieved 



wit^ojt d'^f jct 've instabi l i t ies nave beer. 
<? « !:"•'•• </?''•-5: S-T = K .5 KG. THs value is 
aso.jt se-.e- ti-*es. larger taan that resulting 
fror, the u-,ual B T/>i'scaling-'• -ihd is higher 
tr.an that attained in ISX-A (7 x -J0 n an" 3 ) . 

low inourity content and suppression of 
WO oscillatipns have led to good energy 
confinement tiaes .,- in ISX-8, where T , 
values significantly exceed predictions of 
the osual scaling laws. Figure 1.12 shows, 
superir.posed upon the dati from I S X - A , l D » ' 2 

va'-es of - c as a function j f line-averageo 
electron density in ISX-B under uniform 
experimental conditions ( I * 120 kA, B~ = 
11.5 kG, Qz - D4"). The values of T £ in 
ISX-B are about equal to those iit ISX-A at 
the same densities w*th similar f ie ld and 
current, especially considering the fact that 
the r , determination for ISX-B does not 
include the slight nonorcularity (b/a ^ 1.2) . 
The ISX-B data also exhibit the limitation 
of T , as i function of plasma density that 
was interpreted in ISX-A as a transition from 
e'.sctrar.-domin-ited to (essentially neoclas­
sical ;- ion-dominated loss regimes. '•<•••''- A 
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calculation of the detailed energy balance 
frorCthese data is now in progress. 

?i55J? ba t ing with neutral beam injection. 
Up to 700 tw of-45-keY hy-Jrc^er. teas power 
has been injected into ISX-S through a single 
bean l ine ( the West Beam Line). The najority 
of the data has been taken with deuterium 
plasms. The response of the ion teraperature-
with 660-kW injection i* shown in Fig. 1.13. 
At densities of ~-3 x 10 1 3 an" 3 . . the heating 
coefficient observed (*3 x 1 0 : s eV cm'VkW) 
is l ike that in GWtAK17 and the Princeton 
Large Torus (PLT) . 2 ? However, i t shows an 
unexpectedly large density dependence; the 
details are under investigation. 

Figure *.14 shows the T { r > and n e ( r ) 
profiles with -̂630-kW H° injection into a 
high density deuterium discharge. For com­
parison, a typical discharge at a similar 
density but with ohiaic heating only is also 
shown. The density-averaged electron tempera­
ture approximately doubles, and the tempera­
ture profi le is broadened by injection. The 
increases are nearly independent of electron 
den.sity, essentially confirming the scaling 

Ee n . Significant decreases in loop 
voltage accompany injection. The values of 

0"%. 3 f , - * ?4M» 'IZ 

F1g. 1.12. Comparison of gross energy 
confinement times In ISX-A and ISX-B. 

Fig. 1.13. Peak ion temperature vs time 
with neutral beam Injection into a plasma of 
moderate density. 
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Fig. 1.14. Radial profiles of T and n f i 

with and without neutral beam injection. 

Z ef f e s t ' m a t e < * f r o m t n e resistivity usually 
remain the same (*1.3) before and after 
injection. The wall energy flux measurement 
with a simple pyroelectric detector indicates 
that the rat io of the wall flux to the total 
input power is '30» and frequently decreases 
with injection. 

Cleanliness and possibly prof i le broad­
ening appear to improve macroscopic s tab i l i t y . 
This effect leads to a wider parameter regime 
for operation. Figure 1,15 depicts the 
central chord soft x-ray emission detected by 
* PIH diode for discharges with and without 
injection. The discharges with injection 
exhibit sawtooth oscillations with J long 

No OflC-6 
NC i\JE-.".--ON 

Fig. 1.15. Soft x-ray and ragrtetic loop 
signals with and without neutral f-eam injec­
t ion. Gas input rates were the same. 

relaxation period, indicative of a relatively 
stable, well-confined discharge, whereas the 
discharge without injection shows repeated 
ssinor external disruptions for gas puffing of 
an .equal throughput. This i l lustrates the 
te>idency of increasing attainable max to urn 
density with injection power. However, 
systematic studies of the maximr- density and 
the minimum q attainable with injection are 
yet to be done. 

Attainment of high beta. In ohmically 
heated discharges, volume-averaged poloidal 
beta <Bn- is commonly observed to scale 
with nI" / I . This scaling can be translated to 

'°Y "' V ^ T ' V N e u t r a l b e a R injection 
should be effective in achieving higher 8, by 
increasing the input power (without deterio­
rating confinement), increasing the maximum 
denr.ify achievable, and allowing operation at 
low?- q, than with ohmic heating alone. 

Figure 1.16 shows improvement of values 
of • t>T • for injected plasmas over those with 
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ar>: j~.cn.-. iho h i . j r v s t v ' .er -s-- K I C V C I ! !n 

t o K a - j k s . The CO:'fi-bp;V.J:n••; vGlur;«?-aver«»ged 

i- p c f £.b is a:sc dronr, the h i ;ncst for 

quaM-st.easiy, as opposed to t rans ien t , s ta tes . 

Because these ^easurenents were at hi^h 

densit ies wnere the bean cont r ibut ion :s 

r e l a t i v e l y s n a i l , uncertaint ies in achieved 

; T values due to fast icn losses unaccounted 

for by theory are r e l a t i v e l y smal l . S i g n i f i ­

cant bea* heating is demonstrated by coc-pir i -

son wi th OH r e s u l t s , which fo l low c losely the 

scal ing of ^ - n / 6 T q . . Variat ions cf B T 

anti q. have been l im i t ed in t i e i n jec t ion 

experiments : o f a r ; thus, the cependerces of 

s T values on these para-Teters ar-- uncertain 
i 

with i n j e c t i o n . The main e f fec t of increasing 

in jec t ion power, espec ia l ly at high densi ty , 

is broadening of the temperature p r o f i l e s ; 

s i gn i f i can t increases (roughly i inear) o f 

• =T • are Gbserved wi th bean power a t a f i * ed 
value of n „ / B T M . , but only srial l increases of e i . 
r T { 0 ) are observed. 

The forthcoming increase in bean power 

(with the use of the second beam l ine) and 

opt imizat ion of plasna parameters (n , 8 , , 

and q ) are expected to raise the s T values 

subs tan t ia l l y . However, MHO theory 1 - predicts 

that bal looning modes are l i ke l y to l i m i t the 

i - values at ••=•,• = 2-3'.- i n c i r cu la r plasmas. 

The theory a lso predicts an advantage for 

v e r t i c a l l y elongated, D-shaped plasna cross 

sect ions, i . e . , ra i s ing the threshold ? T 

values for the i n s t a b i l i t i e s . In ISX-B, 

nonctrcular plasmas wi th an elongation r a t i o 

of 1.5 have boen created, and the magnetics 

and control studies of sucn nor.circular 

plasmas are under way. 

Pc-Jlet i n jec t ion . Sol id-hydrogen-pellet 

i n jec t ion in to l i y . -A demonstrated that the 

f.ecnnique cf plasma fue l ing could produce 

subss.ar.tial density increases (of up to 10. 

;>r -.".ore; without, aPi'»r«.-f.t deleterious e f fec ts 

or, plasma .s tab i l i t y and confinement.- ' In 

I'/.'.-t, thrt -,tudy ha', beer, extended to larger 

http://j~.cn
http://subss.ar.tial


pe ' le t size ar.j nigner i n jec t ion speed and to 

c-e^at io" a i t * neutral Dei-- i n j e c t i o n . 

>.e pe l le t in jec tor i s , as cesf i fced in 

Sect. 5, a', upgraded version of the in jec tor 

u eo in ISX-A. Pel lets approximately 1 nr: in 

<Sia~*ter iconta i r ing - x 10- ' hydrogen ator.s} 

a--e injected witr. a speed of S5C T/sec. 

S^cause of tne larger s i : e and higher speed, 

pe l le ts penetrate far ther than tnose in 

ISX-A. as revealed in r i c tu res taken tangen­

t i a l iy ty a nigh speed frar.mg car&ra. The 

afclatior rate of an in jected p e l l e t is ~oni-

tored cy a photcdiode recording the K l i gh t 

eranat in j frcr. the lur.inous cloud Of neutral 

hydrogen around .he p e l l e t . The ab la t ion 

rate and, thus, the resporse of the piesrna 

are sensi t ive to the pre in jec t ion elec'.ror 

temperature. At lew tenoerature tht- low 

ablat ion rate usually resu l ts ir. an unablated 

f ract ion of the pe l l e t s t r i d i ng the inner 

wall of the vacuur. charter to cause a gas 

bur>t. At high te.-.perature [T (0) 1 k.eVj, 

however, pel lets arc- completely acsorbed 

before or upon reacni.ng tne center ot the 

plasra. 

Figure l . l o shows T ( r ) and n ( r ) a t 

I rr.sec a f ter pe l l e t i n jec t ion compared wi th 

those without pe l le t in jec t ion in an ohmically 

heated discharge. The line-averaged electron 

density (based on these p ro f i l es ) increased 

froR l. ' i x 10- ' to 4.9 x 10- ' cm" ! . The 

calculated increase in to ta l e lectron density 

is (2.S • 0.4) x 10-" . wnich is in reasonable 

agreeitwnt with the to ta l hydrogen atoms in 

the pe l l e t less the unablated f r ac t i on . 

Therefore, simple pa r t i c l e balance is obtained. 

This resul t is in contrast to the density 

incease with gas p u f f i n g , in which only one-

th i rd to one-fourth of the in jected gas is 

absorbed in the plasma. Although trie addi t ion 

of cold electrons (plus a small ion iza t ion 

los^j dramatical ly lowers the electron tempera­

ture, the to ta i electron energy content 

remains roughly constant ( i . 2 • 0.1?) kJ before 

in ject ion and 1.0 • 0.3 kJ a f t e r i t ) . 

Figure 1.19 i l l u s t r a t e s the time evolut ion 

of the central electron temperature and 
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Fig. 1.18. Radial profiles of T e and n e 

with and without pellet injection. 

density with pellet injection under experi­
mental conditions similar to the above, but 
with slightly lower central electron tempera­
ture. The pellet reaches the outer edge of 
the plasma at t - 0 and the center at 300 _sec. 
An additional 100 ..sec is rrquired ror the 
central plasma viewed at the la'cjr diagnostic 
port, almost 130' around the torus from the 
pellet, to respond. Therefore, the 500-_sec 
points essentially correspond to the initial 
conditions for evolution after pellet injection. 
A central density of 2 x 10'"' cm' 1 was 
recorded at that time. The initial density 
distribution is sharply peaked at the center 
because of the higher temperature there 
hefore injection and the small volume of the 
central flux tubes. This distribution quickly 
relaxes to cne of normal shape (Fig. 1.18) 
but elevated value. Pellet injection can 
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r i g . 1.19. Changes in T g ) and n (0) 
n u n pe l l e t i n j ec t i on . 

oxcite large Kirngv osc i l l a t i ons and subse­

quently repeated " so f t ' d isrupt ions but 

rare ly "hard" (or current) d isrupt ions. 

In ject ion can also danp out Mirnov o s c i l ­

la t ions . 

Beam-heated plasmas are less susceptible 

to HriO i n s t a b i l i t y upon pe l l e t in jec t ion than 

i r e those that are only oh r i ca l l y heated. A 

pa r t i cu la r l y in te res t ing aspect of in jec t ion 

into beam-heated plas.-rsas i s enhanced ablat ion 

of the pe l le t by the trapped fast ion component. 

The perpendicular charge exchange diagnostic 

indicates a very rapid slowing down of the 

fast ion population and neat in^ of the pe l l e t 

ions and only a small temporary cooling of 

the Sackground ions. Electron cooling is 

less than with ohmic heating alone, and a low 

level of Mirnov o s c i l l a t i o n is retained. 

These prel iminary observations are encouraging 

for a t ta in ing higher beta in ISX-B. 

Charge exchange measurements on_ I_SX-B 

G. H. Neilson 0. R. Overbey 

F. C. Moore «. T. Mihalczo 
J . F. Lyon R. i . Worshar. 

Charge exchange neutral measurements arc-

made on ISX-D usin.j a mass-resolving neutral 

p a r t i c l e analyzer viewing along a f i xed , 

quasi-perpendicular , midplane chord. This 

analyzer has been used on ISX-A and was 

described in the previous annual r e p o r t . - ' 

Only minor sod i f i ca t i ons to the instrument 

i t s e l f have been ?s2de i n the in ter im 

However, the PDP-8-based data acqu is i t ion 

system has been upgraded, employing CAXAC 

instrumentation to provide greater operational 

f l e x i b i l i t y and on- l ine analysis capab i l i t y . 

In 1979 the present analyzer w i l l be 

reconfigured t o view the plasna tangen t i a l l y . 

A s p a t i a l l y scanning ve loc i t y f i l t e r / p a r a l l e l 

p la te analyzer w i l l then be used on the 

perpendicular viewing po r t . The diagnost ic 

capab i l i t y w i l l be fu r ther enhanced by the 

addi t ion of a ve r t i ca l diagnostic beam that 

w i l l also be used for r i pp le i n j ec t i on studies. 

In neutral-beam-heating studies done to 

date, up to 700 kW of hydrogen neutrals has 

been injected in to deuterium plasaas. Central 

ion tenperaturf-s in fer red from the thermal 

(deuterium) spectrum are p lo t ted a ; a funct ion 

of tirr-e fo r a typ ica l case in f i g . 1.13. The 

so l i d and dashed curves were obtained by 

f i t t i n g the data out to 3 keV and 6 keV, 

respect ively. The higher apparent temperature 

for the l a t t e r and those from neutron measure­

ments re f l ec t the existence of a non-Haxwellian 

t a i l on the ion d i s t r i b u t i o n that appears 

immediately a f t e r beam turnon and disappears 

la te r in t ime, as shown in F ig . 1.20(a). 

The nature of th is d i s to r t i on and i t s d is ­

appearance are n o t - f u l l y explairJd a t t h i s 

t ime, although qua l i t a t i ve l y s im i la r phenomena 

have been observed in other experiments, fo r 

example, T - I l . 2 7 

We have measured fast ion (hydrogen) 

spectra out tc 40 keV, with resu l ts for the 

aforementioned case shown in F ig . 1.20(b). 

For a perpendicular spectrum, the ear ly 

spectrum exhib i ts a remarkable degree of 

s t ruc ture , evident ly corresponding to the 

one- th i rd , one-half , and f u l l energy beam 

components. This st ructure gradual ly "washes 

out" and is no longer seen later in the 

discharge. Detai led analysis of these 

observations is now beginning. 



27 

l a i Tr^5?»4i .DEUTERIUM) 

TO*3 

TO9 

E 

I TO* 

{••OfeTs 

0 
e 

°oo 

0 

0 I| 
0 

«o 

oum. o»5 T9-24rr rco 
(ft) FAST ION (HYDAOGFNi 

TO' 

•09 

TO" 

TO7 -

TO* -

TO5 

to 1 0 

- TO? 

— TO8 — 

H < I..I 1 I ! I 1 1 
H ! 1 i J 

" 1 t'TOOmil 

T#T'£ 1 
j .* I 

- I i L "~ 

1 
i " I 

i , 
H 

i i „ H 

1 
» i \ i i i f i 

7 _ TO 

— TO6 — 

10* 

ENERGr (h«v) 

V \ 1 M > 1 . 1 

% 
1 !=«T0m* 

[N i | 1 
*— 

P. 
-

- " • 

H H 

M 

"""" 

i 1 I I I 1 1 
0 25 50 

Fig. 1.20. (a) Thermal ion spectra for the cao* shown in Fig. 1.13. 
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Energy flux measurements on ISX-rf 

C. E. Bush 
G. R. Oyer 

R. C. Isler 
K. t. Worsham 

Energy flux measurements similar tc 
those made on ISX-A have been made and are in 
progress on ISX-&. As on ISX-A, radiometry 

on ISX-B shows the average ratio P^/PQH *° 
be 30t,. However, there are some differences 
in parametric dependence. For example, on 
ISX-A, with n e and Bj held constant, Pu/r^ 
appeared to decrease with increasing plasma 
current I whereas on ISX-B, a preliminary 
scan in I showed this fraction to increase 
significantly with increasing I , I.e., from 

S 
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*.''•-' 1 •;-;'>t•', :•" general an- s t i l l ' ;u ' te low.) 
f j ' v i j ia-v scar, " - J ac t iv i t . . w's a l i o 
•".otr; tc Tr.wrea-e Ait*i i r . t roasi ' ; '.,., t r i s ~ay 
i r '.u-'t wa_, a .^au~'- Tor f ,e increase in 
''. r- . •'oiver Jossti to TI>. v,a 1' for both 
I J ' - A ind IS.'-li appeared to tie a s l i g n t l y 
increas'lr, i function of n , apprcacr-ing a 

piateau for n j .» IU - c - - . e 
Ir addi t ion to trie usual confinement 

experiTent>, energy f lux studies w i t r neutral 

bc-a- in jec t ion heating are also being r.ade on 

IS).-:":. On ORMAK the ra t i o P../P, . , , where 
* totai 

P t o t a l = P0H * P i n j ' w a s ^Proximately the 
same with and without i n jec t i on . For in jec t ion 

V, on ISX-E, thi? constancy has not been observed, 
\ i « id a clear p ic ture has yst to be fomiu l j ted. 

Cvi^es to the wall with In jec t ion on ISX-B 
can va/y fron 30. cf ?- . „ . , , down to 10-15 , to i.a i 
i-iplvtna that in cer ta in cases the increase 

of f\, is proportional to the input in ject ion 

power anu that in others I he resu l t ing increase 

is much less . . For f ixed in jec to r parameters 

(40 kV. 60" k'Al and BT and I , the losses to 

the wails appear to decrease wi th increasing 

n . In general , however, radion.etry osi 

ISX-B wi th in jec t ion appears to support 

resul ts on ORMAK that showed l i t t l e or no 

addi t ional contamination of the plasma as a 

resu l t o f neutral beam in jec t i on . 

The power not accounted for as energy 

f l ux to the wa l l s , which can be greater than 

85*, with and without in jec t ion i s usua'ly 

assumed to be deposited at the l im i t e rs . An 

AGA C80 in f rared camera is now being used to 

monitor the temperature o f , and, thus, the 

ene.-gy f l ux incident on, the l im i te rs of 

ISX-B In order to determine whether or not 

t h i s is the case. Preliminary data for a 

l im i t ed number of runs show no extreme net 

heatup of the outer l im i t e r (beyond ^100 to 

2O0°C) during a day of operat ion. The 

measurements were complicated somewhat by the 

glow discharge cleaning that precedes each 

day's operat ion. During glow discharge 

c lean ing , the outer l i m i t e r 1s used as the 

e lect rode, and i t heats l i near l y with time to 

day's operat ion, i n ^ i e ' t i ' - g f i a t \ r e •"".•••••..-

Tatea energy -;f rzr, iMits depc. i ted i t t r e 

i i r i t e r is -.ucn ie'-s tr.a>. *rat :.•":. ided p, 

2 J •"ir. cf glow ciscr.a^je c lear ing . Drt 

of several suc h r.eating and cooling curves i t 

reproduced ir. F ig . ' . 2 1 . r-jture " i c h i r e 

operation w i l l include ^everd) runs in t . rUn 

the glow discharge precondit ioning is e l i m i ­

nated. 
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F ig . 1.21. Heating-cooling curve f o r the 
outer l i m i t e r obtained using the in f rared 
canera. Heatup was due to glow discharge 
cleaning and was l inear wi th t ime. The resu ' t -
ing temperuture was hir/,-, enough that the 
l im i te r cooled uo-r during the ser ies of 
tokamak discharges. 

Single un;ol ! imated radiometers for 

determining rad ia t i ve and charge exchange 

losses associated with pe l l e t in jec t ion are 

completed and awaiting i n s t a l l a t i o n , along 

w i th an array of 12 coll imated detectors. 

The array is to be mounted on top of ISX on a 

rectangular port and w i l l monitor emitted 

in tens i ty along 12 wedge-shaped ve r t i ca l 

chords. The chordal i n tens i t i es are to be 

inverted in order to obtain spa t i a l l y resolved 

emission p r o f i l e s . 

Neutron measurements on ISX-B 

J . T. Mlhalczo A. C. England 

The ISX-B 1s equipped with 3He propor­

t ional counters and 2i'jU f i ss ion chambers. 

An absolute c a l i b r a t i o n of these detectors 

has been perfc rmed with a 2 ' ' -Cf neutron 
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Pea" i n j e c t i o n agree w i t h tr.ose frty charge 

e/cnange '-.easurerer.ts excep t f o r c e r t a i n low 

d e n s i t y plasmas soor, a f t e r i n j e c t i o n s t a r t s . 

!r. these the Max a l i i an d i s t r i b u t i o n i s 

d i s t o r t e d by a h igh energy t a i l . Resu l ts o f 

t i e ~eas j re" :en ts 6re shown in Fir; . 1.13. 

Perpend icu la r charge exchange ai<a}juer 

f o r IGV-E 

" i h a l c z o 

Ray 

Viorsna; • 

J. .' . Lyon 

(:. D. W.U1 

G. - . Ne i lsor . 

One p r o t o t y p e v e l o c i t y f i l t e r / e l e c t r o ­

s t a t i c ana l yze r nood le o f a mul t i r . odu le 

array f o r charge exchange a n a l y s i s on 

ISX-B i s under development. A commerc ia l l y 

a v a i l a b l e v e l o c i t y f i l t e r was ob ta i ned and 

i n c o r p o r a t e d i n t o the sys tem, and the combined 

system wa* t e s t e d both w i t h ion and n e u t r a l 

p a r t i c l e beams. The ana l yze r i s undergo ing 

f i n a l m o d i f i c a t i o n s and c a l i b r a t i o n be fo re 

i n s t a l l a t i o n on iSX-C. There i t can be moved 

between plasma d ischarges so as to view 

v a r i o u s chords th rough the plasma and thus 

p r o v i d e .spa t ia l i on tempera tu re p r o f i l e s . 

ECH_ .exfi?Jlij'Jvpts_ on I_SX_-B 

C M . Lo r i ng 

0. C. E l d r i d g e 

G. L, Campen 

A. C. England 

A 200-k'n' g y r o t r o n from the EBT program 

w i l l be used f o r ECH h e a t i n g i n ISX-B. Th is 

g y r o t r o n i s not s u i t a b l e f o r cw o p e r a t i o n but 

~*'e p ;v.e'" ^-e-, •„• c ^ ' s i ^ t s .. ' a c j - . . ' u 

c a : . K i t c " tar> charged to 1CJ >. ? . a 

. n v o ' ^ a ! '. "1 t r o r i cs C c r p c r a t i o v . ~ . C to.* 

C j ' v e n t t . ' i a rg ing s ^ a p i y . Tne g . r o t r o r , v« i l i 

De ' o c a t e J on t r e p i a t t c r - above tne ' .b)-r. 

c o n t r o l root', ad jacen t to t he d i a g n o s t i c 

" e u t r a l ke.v s u p p i g . An o v e r s i z e waveguide 

v . . r ir.'; w i l l rur. f r c r the g y r o t r o n over t he 

I i \ - - _ e n c l o s u r e w a i l a rd then t u r n down to 

one c f severa l p o r t s on tne ISX-B vacuu'" tank 

ass igned t o tne ECr' program. 

I n i t i a l l y , severa l k inds o f antennas 

/ f l l oe used . A novel way to produce a p p r o i -

- a t e l y l i n e a r l y p o l a r i z e d r a d i a t i o n has been 

f o u n d . w i t h t h i s techn ique e x t r a o r d i n a r y 

waves w i l l ue launched f ror . tne h i gh f i e l d 

s i de of the tokamak a t the in [dp i a ne. Antennas 

l r . e ther cv^-ts w i l l i a j n . n unpo ia r i zed 

r a a i i t i o n . O rd ina ry p o l a r i z e d waves w i l l be 

launched f ro r ' the. o u t s i d e i f a v j i t a P i e p o r t 

ca i be f o u n d . 

The c o n s t r u c t i o n i , under way, cind 

i n i t i a i o p e r a t i o n t-.f the g g r c t r o r shou ld 

begirt i n l a t e sp r i r . w i t h expe r i r i en t s expected 

*0 s t a r t i n rirtMjmmer i f 1979. 

"i;.-utral tear: s / s t e ; s f o r ISX-B 

«. 1. H i l l . C. : ( jeer . 

H. C. hc r . j rdy C. '". L o r i n g 

A. ft. r erip * . L. ". ' i r 1 i ng 

A. L. a l r igh t 

I n t r o d u c t i o n . The purpose o f t h i s task 

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

bean sy.. terns fo r the i n i t i a l phase o f !.;.<-B 

e x p e r i m e n t a t i o n . Two n e u t r a l beam systems 

c o n s i s t i n g o f beam l i n e - , e l e c t r i c a l sys tems, 

and r e l a t e d i n s t r u m e n t a t i o n were comp le ted ; 

i n s t a l l a t i o n of these sys tous was per formed 

under the ICX-I; (Major Device f a b r i c a t i o n 

f und ing c a t e g o r y , t a s k . New accel power 

s u p p l i e s are be ing purchased and i n s t a l l e d 

under t M s task but were not scneduled f o r 

i n i t i a l ISX-B o p e r a t i o n ; f o r an i n t e r , ri 
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" r.o '. <-l be.!' • i ' - ' - ' . a re w ^ t c a i ' . ' f i e 

.-;•'••• de : : ;n .)• ;»-t. ' ioi.- ' j , j r c i c e d for r L " 

•-.'•-,,• ?"•- •.•-•>:;* K j f r f ' . in t»» d r i f t tube 

'"'•;:.".. '>,<;_, jse the i^-A, r l 7 - t y p e •on 

-.•".•.-, ::-•' t i e e l e c t r i c a l s.ister.s ;e*cept 

.'•: • ; •'. j;>.i te>.' a''t- designed witn t i e sapa-

: • 1 •"... *'rr .I '-ivio-. 1 >'j-A ion sources. 

*r.,-. > W 0 neutral Pea" systers nave a 

:.;•• ;t-t lacabt l i t . . 'o r a rot.; ' of ?..-• tf« of 

' ' . ; : j t r j ' :-ea™ ['owe"" injected into t i e ISX-1; 

:- i i . ' . ' . .- . >"• fo l io*-or, prc,jra~ ;-see below) w i l l 

'•e: lace the 60-A, fLT-type ion source, with 

tne li;0-A source fcein-; developed tor the 

Poloidai Divertor Experiment (POX;, and "aku 

otner r:odif icat ions to increase 1SX.-L in jec t ion 

e^pat-i l i ty to 3 M.s. 

tryocori i iensjf lgf u.';;p_ procurement, bach 

IS>-f. bea;" l ine includes a cryocondensing 

purp tnat is ident ica l to the "Type A pur;'. 

developed anj supplied by Arnold Engineering 

Dt.-ve!o,;'"t;nt Center (A.EDC1, for tr,e ?cT in jec t ion 

•.yst.f's. Procurement of these cryopur.ps was 

iden t i f i ed as a potent ia l schedule prot ler at 

the s ta r t of the I5X-S program.. 

Paral le l procurement e f fo r ts were carr ied 

out in which three pumps were obtained fror, 

AEDC and two pumps of somewhat d i f fe ren t 

design were obtained from united Technologies 

Research Center (UTRC). Two of the AEDC 

purps were the f i r s t to become operational 

and were ins ta l l ed on ISX-B; the other three 

piftips are assigned to Plasma Technology 

programs. The two UTRC cryopjmps have not 

been performance tested. A single attempL 

was made to test each i'TRC pump, but in each 

case the test was terminated when the pump 

developed a vacuum leak upon being cooled 

down to cryogenic temperature. A further 

e f f o r t w i l l be made t o performance test these 

pumps when a tes t f a c i l i t y can be scheduled. 

Aceelpoyer > uRpJJ.es - Two ident ica l 

supplies are beino, procured and Ins ta l led . 

Provisions are being made in the i n s t a l l a t i o n 

for accommodating two addit ional power supplies 

at a a t e r date and *cr ". i -e s'.arir : z \-.t. 

s•.,•_:.'. i'.-s b.< sea- develop' t-nt f a c i l i t i e s . 

'""•>'• " a r a c i i i t y c f edc'". :JP^ '_ . TS 711-er 

in "abie 1.7; t i e *«c supplies ca r alsc be 

use: togetner in j se^es QC t a r a U e l arra---;.*--

~'.er.t to double e i t h e r voltage o>' current 

cataDi 1 i t y . A tap toard is provided for 

convenient select ion of tne operating rede 

and for connecting tr,e output to ir, a'ternabe 

lead. 

Table 1.7. ISX-B neutral beam accel cower 
supply speci f icat ions 

Output ra t ing 

Duty 
60-A pulses 
Tilfl-A Dulses 

60-A or 100-A pulses 
at 9 kv to 60 kV 

10 duty 
•?no ^ser at i^--re<: 

in terva ls 
30 sec at lOOC-sec 

in terva ls 
Secor dary insulat ion 132 kV DC 
P.egu1 :ti.',r 

V> '.oaa to ' ' . i l l - load 10 rax 
Purine rulse 1 max 

?• imarv voltage 

cont ro l le r Tap changer 

Crowbars 50/day 

Short c i rcui t Current 6600 A max 

Al l components of the power supplies 

except the step voltage regulators (tap 

changers) were received from the UVC suppl ier 

i n October 197a. However, in August 1973 the 

step voltage regulator fa i led to pass the 

speci f ied 6600-A short c i r c u i t t e s t ; these 

uni ts are being redesigned and r e b u i l t by 

Siemens-Allis suppi ie- to Universal Vol t ron ics . 

Posttest examination of the f a i l ed 

regulator revealed that the transformer co i l s 

were damaged beyond use by the short c i r c u i t 

forces because the construction did not 

provide adequate s t ruc tu ra l support for the 

conductor. Siemens-Allis redesigned the 

transformer co i l and corv assembly, including 

http://uRpJJ.es
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u T - c j i t i n - :_r :n. . rne i a s : o* six shots 

reuui^ed fc r t i e spexi f>ed tes t , nowever. 

pesttest eAa-'ir,atior shewee t ra t the c o i 1 was 

ynaana :ed except near loci", vcias and unbonded 

re^ior.s at leac- conrections ana cooling 

er.ar.r.e's. i i e re rs -A! 1 is o i l ! fabr icate and 

test a second sir-;le-phase prototype co i i 

incorporating improvements in design deta i ls 

ar,d fabr ica t ion procedure. 

The new accel power supplies are expected 

tc be completed in June 1579. 

* M l? . i l i i i ^ i i LL oeam power in c r^a ̂ e 

S. M. DeC<jn-,p H. C. McCurdy 

F. H. Edmonds '.-.'. L. S t i r l i n g 

R. L. Johnson P. w. Wh i t f i e i J 

R. E. Worshar; 

A fol low-on program was i n i t i a t e d in 

October 1978 to increase ISX-S neutral bean 

heating capabi l i ty to 2 HW by modifying the 

ex is t ing systems to use the 100-A ion sources 

being developed under the Plasma Technology 

program for i n i t i a l use on POX. The modi f i ­

ca t ions , which w i l l cost an estimated $2.4 

m i l l i o n including two new ion sources, are 

expected to be cowpleted in March 1980; 

conversion w i l l require a shutdown ot ISX-B 

for approximately three months beginning in 

January 1980. 

Baseline performance goals for the 

modif ied neutral beam systems are given in 

Table 1.8. For comparison, the performance 

goais for the present ISX-B and for POX 

neutral beam systems are also shown. Otner 

desirable goals for ISX-B are (1) capab i l i t y 

fo r 500-msec pulse length and (2) a b i l i t y to 

operate over tha range of 30-50-kV in jec t ion 

energy. For these U t t e r goals, however, we 

w i l l accept whatever power level can be 

obtained from the system optimized for the 

baseline performance goals. 

'•*e t j s v ;i'.r is t ; * j : ; ' : c j t e rev. :.-r 

sources a."J rront e^ds an- tc ."'odi:> f i e 

• - •x i i t in : tea ! : n e s o r - s ' t e b_. -capping o j t 

components. Cther Sea;-- l ine cor-pc-ents w i l l 

De -.odif ied c replaced to accomodate the 

iarcer 10G-A ior source, "he o i s t i n c decei 

power supplies w i l l be replaced-

Asser&ly and condi t ioning o f trie ion 

sources were i den t i f i ed as c r i t i c a l path 

schedule a c t i v i t i e s . Agreement was reached 

on a plan f leave the PDX prototype tear-

l ine a t ORNL. thus assuring that a t«s t 

f a c i l i t y w i l l oe avai lab le fo r condi t ioning 

the ISX-B ion sources. The completion 

schedule of March 1920 i s consistent with the 

present schedule for POX and with the ISX-6 

ion sources to br done i-ned la te ly a f te r the 

"DX sources. 

Although we wis;, to take naxi.r.ij-; adventj-::e 

of the designs prewired for POX, f a l l us-i of 

PDX component designs would increase sovce-

to-p'asna distance on ISX-B fior- 4.1 r to 

4.4 !•: and alrcost ce r ta in l y preclude r-eetin-j 

the 3-HW performance ob jec t ive , vie chose to 

rede-sign several '..jmponents and to "ovc- the 

ex is t ing vacuum enclosures towards the tokarak 

in order to reduce source-to-plasr-a distance 

ard thereby increase neutral boa.-, powc 

reaching the plasma. 

The new f ront end has provision for a 

Type C cryopump and incorporates ar i ne r t i a 1 

calorimeter that is a shortened version of 

tne PDX design, in view of the re la t i ve l y 

short puise length (200 msec) speci f ied f c r 

ISX-t , i t is not cer ta in that the f ron t ena 

cryopump w i l l be required; the shorter c a l o r i ­

meter is permissible because of the shorter 

pulse length. 

The new f ron t end design, together w i th 

a new e l ec t r i c break/ iso la t ion valve arrange­

ment, w i l l permit the ex is t ing vacuum enclosure 

to be moved -0.5 m closer to the tokamak. 

Another 0.1-0.18-m reduction In bean l ine 

length w i l l be achieved by modifying the PDX 

beam alignment assembly design. The to ta l 

ef fect of the redesign e f f o r t w i l l be to 

reduce the source-to-plasma distance to 
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;n ;ect ion energy, >e'i 
Neutral i>ower i f , to sor a~ai , **« 

'. yer D<M- 1 ine ; 

Pulse length, -sec 

Total a c e ! s-jpply d ra in , A 1 :,-G 

j . . - and to * j k . "« o? ne^trat ^ower a 

credible performance goal. 

j j r i m 1979 a detai led design of the 

'Od-f icat ions w i l l be performed, and compo­

nents w i l l Pe procured or fabr ica ted. 

'..2.3 I _puri t/_ Study Prp^rar; 

!•:. Mppleton 

£. Clausing 

J . Colcrin 

C. Li.ierson 

L. Ha Is ted 

i-eatherly 

Introduct ion 

3. A. Lang ley 

P. Mioduszewski 

J . B. Roberto 

J . i . Simpkins 

S. P. witnrow 

R. A. Zuhr 

The purpose of the Impi.rity Study Program 

is to i den t i f y the con t ro l l i ng impurity 

generation mechanisms and to minimize t he i r 

e f fec ts . The approach of the ORNL program is 

a v igorous, in teract ive coa l i t i on of surface 

sc i en t i s t s and plasma physic is ts that focuses 

on in s i t u tokamak experiments. I t has 

coordinated e f fo r t s in four main task areas: 

(1) i n s i t u measurements, (2) development of 

new d iagnost ics , (3) plasma-materials simu­

l a t i o n experiments, and (4) cont ro l led 

laboratory invest igat ions. 

The program involves the study of 

hydrogen recyc le , the study of impuri ty 

in t roduc t ion mechanisms, the in s i t u tes t ing 

o f special mater ia ls such as l i m i t e r s , beam 

dumps, armor p la te , and d i ve r to r p la tes , the 

Program Coordinator 

"tasureren- of i~.p-..ri ty charge state in the 

pias'a scrape-off re;;;en ana the study of 

cleanup techniques. 

In or<ier to pursue these tasks, in s i t u 

experi-ents were undertaken on ISX-A, T-12 

(kurcnatov I n s t i t u t e ' , ISX-5, and Doublet I I I 

[General Atoni<_,. 7ne;e experinents were • 

^ p o r t e d By cont ro l lea iaooratory i nves t i ­

gations. Hetaiied information may be found 

in references given at eacn subheading. 

ISi^A- - ' • 

ISX-A was designed to st •„-:>• plasra-wal l 

interact ions and tne ro le of i r p u r i t i e s in 

tokanak piasmat. I t was constructed with 

vacuum cleanliness as a primary concern. 

Both a quadrupole ^ass analyzer and a surface 

anatysis system coupled w i th a vacuum transfer 

system were i ns ta l l ed before '-okamak operation. 

The analysis provided data on typ ica l wall 

mater ial and a var iety of other mater ials 

exposed a t posi t ions between the surface of 

the f i r s t wall and the l im i t e r inner radius. 

Samples were 'Introduced from a i r i n to the 

u l t rah igh vacuum transport system without 

d is turb ing the vacuum in ISX-A or the analysis 

system. The samples were then prepared (by 

sputter cleaning or outgassing), analyzed 

before exposure to the plasma, and subse­

quently reanalyzed by Auger electron spectro­

scopy (AES) to determine what changes had 

occurred. The analysis s t a t i o n , together 

with the residual gas analyzer and plasma 

diagnost ics, has provided information on the 

i n i t i a l cleanup, changing wal l condi t ions, 
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.•:•;:•••:. ;»-ri»;s c* cxi i i . -e. : i td:r".>ss steel 

'•••••• r : : :'cirez t , a*" Pv.ger.-^'ree s ta tes . 

c t : - s sv'face was T-i-.:jaa to a t n i r » J 5 -

; t - i C M > e t r i c o . ^ a . Carte. was s i r n ; * ' : -

^ • ' • " . re-cvc-i t - t r.-t en t i re l y e l i - i n a t e d . 

-a-pie expes-res 3esi3r.ee to studj neavy 

' - •p^ ' i ty trar.spcrt a"..1 nydroger, isotope 

rt\_,'C' i n j '•r, *S"-A were ro rp ie ted . Sa-ples 

o f s i n j i e - c r ys ta i s i l i c o n and s i l i c o n * i t h an 

a-.crpneus near-surface region were exposed. 

Analysis b> ion scat ter ing and ion-inducec 

nuclear reaction techniques was used to 

determine tr.e quant i ty and ceptn d i s t r i b u t i o n 

c f i r .pyr i t ies and nydrogen isotopes ir.plantsd 

in to the exposed sa.--.ples. Radiation darage 

analysis cf s i l i con samples exposed in ISX-A 

indicates s i ^n i f i can t oisplacer'ent damage to 

a deptn of 170 \ . Tnis correlates well wi th 

tne observed depth d i s t r i bu t i on of deuterium 

in the samples as determined fror- the D('he,p) 

'i-e react ion. The range aid damage d i s t r i ­

but ion are consistent wi th 30C-eV deuteriun 

bonbardnent of the war.. Spatial analysis of 

meta l l i c impurity deposit ion srovs a marked 

decrease as distance behind the l i m i t e r 

increases. Tine-resolved studies of i ron and 

t i tan ium deposition during the discharge 

indicate increased deposit ion rates during 

MHO i n s t a b i l i t i e s in the startup and decay of 

the plasma. 

As part of the 1SX surface physics 

program and the TFTR mater ials research 

program, ATJS graphite r a i l l im i t e r s were 

i ns ta l l ed in the ISX tokamak in order to 

compare them with the ex i s t i ng sta in less 

steel l im i t e r s and to invest igate any dele­

ter ious ef fec ts a r is ing from operation at 

elevated temperatures of the graphite. To 

f a c i l i t a t e the l a t t e r experiment, heaters 

were ins ta l led in the graphite l im i te rs 

:e.c..sc t-.e ; c e - repos i t ion on tne i n i t e r 

••• : : • .>.-.., e.xp«>cte: to be co'isiderab!.. less 

f a - •'•.••• '•"•. V: ' J I - : V syste~atic d i f f e r -

e'.Cc-s -ere -pserve-J in f e electron te-pera-

t - r e p r o f i l e s , e lect ron density p r o f i l e s , or" 
C -- between successive runs with the s t a i n -err 
1-jii steel i i r i t e r s and graphite l i " i t e r s . 

Tnere was, r.owever, a nonotor.k decrease in 
Z , - for both cases f ro r 5.6 in the f i r s t e f t 
rur. fo l lowing tr.e i n s t a l l a t i o n of the graphite 

M - i t e r s to 2.3 a f t e r a two-week period when 

the experirent was terminated because uf a 

scheduled shutdown, riorral-incider.ee u l t r a ­

v i o l e t spectroscopic measurements of ca r bon, 

n i t rogen, oxygen, and hydrogen rad ia t ion 

showed a factor of 3-4 greater hydrogen l i g h t 

for the sta in less steel case over the carbon 

case and systematic di f ferences in the i npu r i ' v 

rad ia t ion l i g h t . Arc tracks were observed on 

the graphite l ie 1 i t e r s upon removal, and scanning 

electron microscope (S£M) analysis was per­

formed so that the arount of na te r ia l removed 

could te estimated. In the hot graphite 

l i r i t e r experiment, the temperature of one of 

the graphite l i - i t e r s was increased on suc­

cessive shots. The hydrocarbons forr.ied, as 

determined by residual gas analysis (RGA), 

increased monotonically with increasing 

l im i te r temperature; for axanple, nass 16 

(presumed to be CM.) increased about a factor 

of 2 as the temperature was raised from 150 

to 500 C. The carbon inpur i t y radiat ion was 

also observed to increase by a factor or 2 as 

the l im i te r temperature was raised from 150 

to 500 C. 

T '.l?_ / . K . u/ . c . nA t 0 . v- J-^A'AutpJ " 

The QRNl portable Surface analysis 
station provided a valuable new insight into 
helium glow discharge cleaning as a result of 
a joint experiment on T-12 at the Kurchatov 
Institute. This experiment showed that 
helium glow discharge cleaning was very 
effective and provided faster and easier wall 
cleaning than hydrogm discharge cleaning. 

http://3esi3r.ee
http://sa.--.ples
http://riorral-incider.ee


34 

Tn t studies Have been continued or. ISX-6 and 

in laboratory simulat ion exper i r *nts * : t h 

excel lent resu l t s . 

ISX^E. 

Tne surface analysis f a c i l i t i e s were 

usee to fol low changes in surface composition 

•Siring tckanak cleanup and norcai plasma 

operations. Cleanup techniques were optimized 

to reduce p>.asra i t -par i t ies to acceptable 

teveU. in minimum t i nes . A combination of 

glow discharge cleaning using a a ix tu re of 

hydrogen and heI inn fallowed by a b r i e f 

series of weak hydrogen or deuterium s i s -

charges has reduced the cleanup ti=se to the ,-.... 

point that long time penalt ies are no longer 

Incurred by venting the ssacnine to a i r for;. . 

diagnostic changes or maintenance. This 

f a c i l i t a t e s machine operations ami saves 

considerable time and money. The mechanises 

of cleanup are gradually being understood, 

but studies must De continued so that cleanup 

can be opt irci ied and technology transferred 

to other tokamaks. 

Arcing has been proposed ds a major 

source of metal impuri t ies in tokaaak plasmas. 

Arc tracks have been observed in the ISX-B 

tokamak on the l i t s i t e r , tne inner wal l surface, 

and t h i samples exposed to the plasma from 

the surface analysis s t a t i o n . Linear and 

fern-1 ike frc tracks have been observed. 

From opt ical and SEH ana.ysis of the t racks, 

i t was estimated that about 1 0 u - 1 0 i 7 atoms 

were released per arc . To study the influence 

of arcing on the tokamak discharge, an exper i ­

ment was set up to measure e l e c t r i c a l and 

op t i ca l s ignals o f arc ing in s i t u . In we l l -

cont ro l led tokamak discharges, arcing was 

observed only dur ing the i n i t i a l breakdown of 

the plasma and during the quenching phase at 

the end of the discharge. In disrupted 

discharges each plasma d is rup t ion was accom­

panied by arc ing . The pulse length of a 

s ingle unipolar arc was measured to be -50 usee, 

and the current amplitude was t y p i c a l l y 

20 A. Erosion rates were measured to be 

' .10- 7 -10- f ! kg/C. 

<jOijble_t_j_l_I_ ipef' e '"- ai .t-.-ptit-X" 

Af ter completion of the T-12 experiment',, 

the 0P.M- portable surface analysis Stat ion 

was moved to Doublet I I I , inhere i t was one of 

the f i r s t diagnost ics used. I t has been used 

for cleanup studios from the very s t a r t o f 

wachipe operat ion. I t s use has optimized 

machine cleanup, thereby ra&c^ng cleanup 

time. In add i t ion to cleanup s tud ies . Use 

transport of l i rai ter- material (90: tantalusn/ 

101 tungsten) was measured. During ear ly 

tokaaafc discharges when the plasraa pos i t ion 

was not wel l c o n t r o l l e d , the wal l became 

covered w i th l i m i t e r ma te r ia l . T'nese resul ts 

have provided a strong impetus to change the 

c^ l ) j * j t £ r s to-a mater ia l o f lower a top ic number. 

1,3.4 Long Putse Technoiogy Tokawak 

t . ' C Jernigan J. Sneffield 

In the recent publication Tnz $e.pa,*jtment 

John M. Deutsch, Director of Energy Research, 

enumerated nine c r i t i c a l technical issues 

upon wnicft s i gn i f i can t progress must be made 

in order to make and operate an economically 

sat is fac tory magnetic fusion power p'.ant. 

Six of these nine issues pertain to generic 

fusion reactor problems or to tokamak fusion 

reactor problems spec i f i ca l l y : 3 ' * 

(1) deta i led understanding of p a r t i c l e and 

energy confinement in tokamaks and o f 

scal ing laws fo r such confinement; l i m i t a ­

t ions on plasma and magnetic f i e l d 

densi ty ; 

(2) l im i ta t i ons on the pulse length of 

tokamaks operating under burn condi t ions; 

(3) impurity contro l 1n tokamaks; 

(4) f i r s t wal l condit ions and l i f e t imes in 
both tokamak and mirror reactors; 

(7) l i m i t i n g powers and e f f i c ienc ies of 

aux i l ia .* ; heating techniques for both 

tokamaks and m i r ro rs ; and 



•£j' •:."'•;. ;rac::ri':'teoniQ.je* z-f e**riy 
-<~-w*aV ani utility »t "tgh eff'ciercy 
ro*- any -jgnetic confineaert :yster-s 
Cfiv'lading, ir. trie applicable systems. 

: direct conversion to electricity). 
The Fusion Energy Division (FF.0) has 

been involved actively for the past ten years 
'>n tne study and development of solutions to 
precisely these technological and physics 
questions. GftNL has played and continues to 
play a major role in the development of sany 
reactor-relevant technologies (e.g.. neutral-
bear-heating systems, pellet fueling systems, 
superconducting coil system, high beta 
tckaaak:., nigh power sicrowave sources, and 
oaterials studies). Utilizing the experience 
from this technological background, a scoping 
study has developed the outline for a proposed 
new facility at QRML, the Long Pu*.se Technology 
Tokamak (IPTT). 

It is generally considered that economic 
power production by magnetic fusion will be 
achieved in devices that include certain 
features. Plasmas with the following 
minimum parameters are required: 

T = 5-10 keV 
nt > 10'" cm*3 sec 

= - 5-10% 
Pw -. 20-100 M/cm thermal 

I ~f '- 2, with few high-Z impurities. 

The device will almost certainly require 
superconducting coils, a plasma duration 
considerably in excess of 10 sec, a high duty 
factor, and components that are reliable, 
long lived, and practical to maintain because 
the reactor must operate and be serviced in a 
hostile radiation environment. 

In the U.S. program as presently con­
ceived, all of these features will come 
together for the first time in an Engineering 
Test Facility f£TF). One perspective of a 
tokamak version 1s that i t will have a pulse 
length of at least 20 sec jnd perhaps as much 
ai 300 sec with 0.25-0.6 duty factor. At 
longer pulse length It will be necessary to 

re-cve helium as* produced by C*e deuterius:-
trTCtuK { 0 - T j t j r n . The LrTT prcgrair is 

proposed to sucport **vd speed up the rea*.'<;&-
tton of an ETF by 

{1} addressing the challenge of demonstrating 
production and sustenance of a high bets 
(>5i) plasma with I f f -- 1 at reactor 
level thereat power fluxes (>40 H/em-) 
for at least sofie tens of seconds (issues 
•»', *2, and »4 above;; 

(2) developing an ETF-rfclevant, long pulse 
impurity control sctene for which a 
superconducting bundle divertor is pro­
posed for the first pf.rx of the program 
(issues #3 and #8 abo'e); 

(3) developing superconoo<ting coils systems 
integration experience ir> a tokamak 
environment; 

(4) capitalizing upon the new physics cur­
rently being developed (plasma cross-
section optimization, pellet fueling, 
etc.) so as to maintain the momentIP of 
the fusion program; and 

(5) establishing a program to develop 
reliable, long pulse, high duty factor, 
ETF-relevant compone-.ts, such as f irst 
walls, divertor targets, pumps, heating, 
and fueling sysv.?ms (issue »7 above). 

Thus, the LPIT program is intended to 
form a complementary part of the L.S.-D0E 
magnetic fusion program by tackling, in 
collaboration with industry and other labora­
tories, areas not being pursued and by rein­
forcing other areas that receive inadequate 
attention in the present program. 

After various iterations the LPTT design 
scoping study has arrived at the following 
parameters for the tokamak: 

9 superconducting NbTi TF colls 
1-3 superconducting bunaIf divertors 
R * 1.6 m | 
a * 0.45 m !• minim,n plasma dimensions 

b/a < 1.6 I at low ripple 

« « 
6 - B 
max mln 6 • B , max mln 

• 0.25J at R « 1.6 m , 
1.7: at R » 2.05 ro 
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i-nc^i"*' Oi'sr&tiia tcniUions Oak ?rrf.-* Nations^ 

£ 25-• fcS -axiriji': :.5roic;-:. ff e la ' ~ = l.fi.yf*:'-'-• 

'•• 5 vc::-seconc<; : _ ._ ._-"-" -,-': 

20-sec giilse lengtn - " " / • ' • 
..-5-32-MW-weutraf injection at Sir-^G-keV H-

i - ;-480 keV r̂ ax) -••- f " ^.. 
5 raita3 part i ;-t .9 in vertical x ^-" -- ;•- ' 

1 . 6 ? norizontzl - -_ .; --'• -

Ar. overriding r^u i resen t for LP.TT i ^ t n a t i t -..J~ 
teye very good accjtss.io permit rViativ'inv ; " 
easy ^edifications topsach cocpiner%r"^' tne ; '^ r 

-/jrs-i?'walT, poTci<J£? systfi!?, and e^gtr-^-'" r ^ ' 
^contro l sjfStefK." In ofSerlaocds, i t BMSt,."--^;;'"r---^-" 
r ^ V e considerable experimental fltejtf^iTjjJju- - ^ - ^ ; 

t j»J^siape'f i < i ie?€"t»ll sware e.f:the%Itf».Tl,.„-,. -" 
^f being se«!i>i tious: in * *J*irj£r t o i a a i i s i t j i . ? - , ; 

^--ane parameter, i t e ^ o r o l d a ! f i e f e , f o x exawpJfV- -
i'--£hat sfispTsctly,. acceti ifciI i ty. arid-subss^uent _~ . 
.„ usefulness were lost- J n e * appreciated _• 

ejjua^y- the argumenv^'t&at a de*V« sbcs»1<S be -̂-' 
-capable of operating above the.nomina] level'•'.-:. -
' i r - ca se tnat levei'turned Put to fre too -tow. 

"A cress-sectional view-of LPTT is:v*«wr. in 
Fig. 1.2?. I t is:e'stti«te«t 'tft»t ' tHT would 
be > operational f&'ur yearJ after aathoriration 
at a cost^of 540-60 fiiVSicrfV'- The stopinn , 

study is ntm'sw.ac,lritini on wevelof>ing -".'•"* 
specific engineeringrind physics solutions to ' 
We fJ-rifrts tnat have.been raised in ' the design 
work so fa r . 
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2. DIAGNOSTIC DEVELOPMENT 

C. r. - iarnett ' 
• j . P. -utcninson-
C. r.. Ha-

J . A. fiay: 

Afci. '-^ct. Farther invest igat ions of the 

unstable resonator-osc i l la tor spectral 

charac ter is t i cs of the 1-KW 0 ;O ion Thonson 

scat ter ing laser nave indicated the presence 

of transverse .TO*; s t ruc ture . To el iminate 

these unwanted frequencies. th» laser con­

f i gu ra t i on was changed to a l inear o s c i l l a t o r 

with tfode-selecting op t i cs . The foroic acid 

submit I irr.eter-laser, single-channel i n te r ­

ferometer was operated successful ly on the 

second phase of the Impurity Study Experiment 

( I J X - B ) and was expanded to multichannels to 

include plasma current density measurements 

using Faraday ro ta t ion of the po lar iza t ion 

vector. A fas t H atom secondary emission 

detector was ca l ibrated in the energy range of 

30 eV-2.b keV by photodetaching V;' to provide 

a known Deam of H-. Prel iminary plasma ion 

temperature measurements were made in ISX-B 

using the rcelnod of neutron transmission 

through l i q u i d oxygen. 

2.1 THE MEASUREHENT OF PUSMA ION TEMPERATURE 

BY THOMSON SC/TTERING 

During the past year work has continued 

towards the development of a high power, 

r.arrow b ind, submiDimeter laser for ion 

Thomson sca t te r ing . An unstable resonator-

o s c i l l a t o r was coupled wi th a 3-m ampl i f ie r 

to produce power levels of 1 MW from D\>0 at a 

wavelength of 385 wis. An i n j ec t ion- locked, 

narrow l i ne C02 laser , which can produce up 

to 150-J pulses, was used to pump the sub-

mi l l imete r osc i l l a t o r - amp l i f i e r conf igurat ion. 

1. Physics Oivision. 
2. Participant from the University of 

Mississippi, University, Mississippi. 
3. Participant iroro the University of Oenver, 

Denver, Colorado. 

P. A. Staats; 

P. r. stelson= 
K. L. Vander Sluis-
B. Van Zyl-

Linewidth measurements of the pulsed subtr.il-
lisneter laser were made with a Fabry-Perot 
interferometer and a fast transient recorder. 
Previous measurements made with a transient 
recorder on a 200-kW oscillator-amplifier 
system indicated that the linewidth was less 
than the 50-HHz maximum linewidth required 
for the Thomson scattering experiment. 
However, as the system Mas scaled to the 
1-MW level, additional frequencies were 
detected beyond the permissible linewidth 
limits. Using a Tektronix transient digitizer 
with the capability of fast Fourier tr>nsfora 
analysis, we determined that some of the 
additional emission spectra are due to modes 
in the unstable optics oscillator caused by 
spurious reflections from smooth metal sur­
faces within the optical cavity and the 
vacuum enclosure. These oscillations were 
identified and partia'.'.j removed with suitable 
baffling and minor modifications in the 
oscillator design. However, wideband struc­
ture remained in the laser output. This 
wideband emission has been attributed to two 
sources: (1) superradiant emission from the 
amplifier that f.as not been removed by the 
strong (»200-300-kW) oscillator output and 
(2) unwanted transverse mode structure in the 
oscillator itself. The unstable oscillator 
was originally selected for its two main 
advantages: (1) excellent transverse mode 
suppression and (2) large volume-to-length 
ratio to provide for good pump laser absorp­
tion. Apparently, in media with extremely 
large gain coefficients such as those in a 
submillimeter laser, the unstable resonator 
does not produce spectrally pure emissions. 
One of the ways to solve the emission problems 
is to replace the oscillator-amplifier con­
figuration with a scaled-up, 1-KW oscillator 
having some type of mode-selecting optics to 

41 

http://subtr.il-


r 

BLANK 



prevent wideband transverse structure. 
Soi.a-i-o of the particular sche.-ne o* optical 
[•u:::pin'j, the unstable reoo a tor does not lend 
itself to the addition of an intracavity mode 
•.ei'Xtor. Therefore, a different high power 
oscillator er.pl oy'n'c an iriVernal mode selector 
is being constructed. 

"he design of the receiver for the 
Thomson' scattering experiment has been 
completed, ind the receiver, essentially a 
double conversion, superheterodyne receiver, 
is currently unde« construction. The front 
$r)C consists of a Schottky diode mixer with 
a sebmi dimeter laser/local oscillator 
operating at a frequency 8.4 GHz above the 
frequency of the D;;0 scattering laser. Tne 
Thomson-scattered signal, converted to 
sidebands impressed on an 8.4-GH? carrier by 
the first Kixer, will be amplified by a low-
;ujise .SaAs FET amplifier with a bandwidth of 
2 5h2 and a noise temperature of -100K. The 
aiv'1* i.'.-u H.4-GHz signal will be mixed in a 
second conventional X-band mixer with an 
S.4-6Hz oscillator to provide an output con-
tainiag-tfie scattered spectra from C-1000 MHz. 
T m s information will be stored on a fast 
transient recorder for analysis by fast 
fou> ier, trafofoTO. The receiver noise is 
expected to hi >n the vicinity of 20.000K 
w*>c-f> completed. :,_ 

The optical system necessary to imple-
iient the Ihor.snfs scattering experiment on the 
ISx-B toksmak during the ne>t y&ar is now 
under design. 

2.2 HEASURFMEH7 OF TOKAMAX CURRENT PROFILES 
- . 3Y SUW1ILL1METER FARADA.' ROTATION 

Further progress has beer»_m.ide on a 
combined electron density interferometer/ 
Faraday rotation polar.'meter fcr the vr.visti-
gation of tokamak plasmas. This instrunwn,, 
when extended to several channels or chords 
cutting across the plasma, will yield both 
the electron density and current density 
profiles of the plasma discharge. 

A two-laser, heterodyne interferometer/ 
polarimeter was installed or. the Rensselaer 
Torus (RENTOR; tokamak «t Rensselaer Poly­
technic Institute to te<t the polarinieter 
apparatus in preparatior for the design of a 
more sophisticated multichannel ar.alyzer for 
the ISX-B tokamak. However, the electron 
density of this small tokamak was too low and 
t:ie plasma too unstable to permit measurement 
of a Faraway rotation signal. A four-channel 
system has been placed on the ISX-B tokamak, 
and preliminary measurements of the electron 
density have been made in preparation for the 
Faraday rotation experiments. At moderate 
densities (n - 1-5 x 1 0 : ; cm" :') where bcth 
the 2-mm microwave interferometer and tht 
SfbmilTimeter interferometer are operational, 
'he two systems agreed on measurements of the 
line-averaged electron density. The amourt 
of Faraday rotation expected at these den­
sities for typicaT plasma currents of 100 kA 
is -50 milliradians, well above the -1-milli-
radian sensitivity of the polarimeter. 

2.3 ABSOLUTE CALIBRATION OF A H ATOM 
SECONDARY EMISSION DETECTOR 

Most neutral particle analyzers used to 
measure plasma ion temperatures by detecting 
low velocity H +, H u, and H~ have been cali­
brated under the assumption that secondary 
electron amission is the same for both ions 
and atoms. This assumption has remained 
untested because of the difficulty of deter­
mining the absolute flux of low energy atoms 
independent of secondary electron emission. 
An independent calibration of the H° flux 
was achieved by photodetaching a H" beam 
passed through a neodymium laser cavity. The 
attenuation of the I1" Deam provided a known 
absolute flux of H atoms. Over the energy 
range 30-2500 eV, the secondary emission by H 
was 15'/ greater than that by H , as shown in 
Fig. 2.1. In this energy range tl.e secondary 
emisiion of H~ was consistently greater than 
that for H + or H°, being a factor of 6 
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Fig. 2.1. Secondary emission coefficient 
for H", H +, and H ; impact on a gas-covered 
copper surface. 

greater at 50 eV. For clean surfaces the 
secondary emission yield should be dominated 
by potent al electron ejection below 200 eV 
and s characterized by the electron yield 
being indipendent of incident particle energy. 
At energies as low as 30 eV, there was no 
evidence of the potential electron ejection 
mechanism. Comparison of the data in Fig. 2.1 
with cross sections for production of free 
electrons in 0.. and N ; and with electron 
yields from clean surfaces gave indications 
that the secondary yield from surfaces 
normally fojnd in vacuum systems is dominated 
by the gas ;ontamination on the surface. The 
absolute measurements of neutral particles 

peri-it tno use of both neutral particle 
ar\'iv;ers and ti.-v-of-f• iyht analyzer- for 
low energy neutra'. par*icies cosninu :ron 
piasnas or reflected frorc surfaces. 

:.- PLASMA 10?}'TEMPERATURE MEAbUREO 
6Y NEUTRON TRANSMISSION THROUGH 
LIQUID OXYGEN 

At a ,>?utron energy of 2.35 MeV, the 
total neutron cross section - of oxygen has 
an unusually deep minimum, down to 0.1 b. 
compared with values of over 1 b i?n the 
shoulders. The iean energy of the deuterium-
deuterium (D-D) neutr-ons, 2.46 MeV, places 
these neutrons on the shocTder of the minimum 
in the --r far oxygen. However, the kinetic 
broadering in neutron energies from the 
plasma D-D reactions puts sonv? of these 
ivjutrcrs into the minimum region. Because 
tie fraction of neutrons in the minimum 
region is a strong function of ion tempera­
ture, oie can use a simple transmission 
measurenent to deduce the ion temperature. 
Calculations indicate that for a thick 
o/.yien ".ample, a 5. accuracy in a trans­
mission measurement results in a 10.. accuracy 
in the :emperature determination, which is 
independent of both the absolute D-D cross 
section and the ion density. Preliminary 
measurements on the ISX plasma were incon­
clusive because the ion temperature was 
approximately 0.3 keV. This method should 
be '.uccessful for determining ion temperatures 
from 1 to 10 keV. 
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AL- .*-„:,:,*. Arong the broad spectrur- of advances 

r-a4e by the Theory Section in tne understanding 

tn& fol lowing stand o t t as iter:s of special 

importance to the fusion p rewar : 

U) The high beta tokanak approach 

pioneered and nade credible a t Oak Ridge 

ra t iona l Laboratory (OfcNL) has culminated i n 

the demonstration of ( I j stable e q u i l i b r i a 

at beta values as high as IC: for aspect 

r a t i o 4, (2 ; longevity of high beta cases in 

t « presence of res i s t i ve skin d i f f u s i o n , and 

(3) benign reaction to the f u l l range of 

transport phenomena. As a r e s u l t , the type 

of operation required fo r high energy-density, 

long-l ived discharges in the Long Pulse 

Technology Tokamak (LPTT) device appears 

; red ib le , and t a r l y tes t ing of high beta 

r.^cry ha: teen .-sade pcssible through our 

design of a very f l e x i b l e plasma cont ro l 

f i e l d system fo r the second phase of the 

Inpur i ty Study Experiment (ISX-B) device. 

(2) The major experimental features o f 

today's low beta, short pulse length devices 

have been explained adequately using the 

we l l -c ra f ted models developed at ORNL of the 

res i s t i ve magnetohydrodynarnic (MHO) ins ta ­

b i l i t i e s and k ine t i c modes ( d r i f t , trapped 

p a r t i c l e , e t c . ) . These, together w i th 

advanced knowledge of impurity and neutral 

in jec t ion physics, provide natural explanat ion 

for thfi observed energy confinement s c a l i n g , 

Mirnov and sawtooth o s c i l l a t i o n s , the 

re laxat ion o f sk in current d i s t r i b u t i o n s , 

major and minor plasma d is rup t ions , and the 

poor performance that dominates devices tha t 

an i n s u f f i c i e n t l y clean and magnetically 

well con t ro l led . 

(3) For the EBT device, the s i m p l i f i e d 

s t a b i l i t y c r i t e r i a previously used have been 

substantiated through more deta i led analysis 

of k i ne t i c e f f e c t s , and most of the primary 

experimental observations have been explained 

on the basis of neoclassical transport theory. 

These phenomena include the ambipolar p o t e n t i a l , 

the level and scal ing of thermal losses, the 

r o t a t i o n of a nontnerral icn d is t r ib - j t io r . 

* unct ion, arvi tr.e ter.cency tc operate at a 

very Jo. degree " p u r i t . contan-ir»atio».. 
»;'t*i the resulting understanding, ••€ are a£!e 
to identify two outstanding critical problems 
in tne theoretical area: (l) the behavior 
of the hct electron rings (particularly 
energy less r.echanisns and scaling] and (2) the 
physics of the low coll isionality regiire. The 
latter ties the ring dyna.-ics very closely to 
the behavior of the toroidal plasna (as is 
seen experimentally in the transition into the 
noisy M-mcKie and theoretically in thermal 
excursion phenomena}. The need is clear for 
still further refinements in the treatment 
of gradients near the piastre edge and the rings. 

T.'ie conclusions rest on a firm and broad 
base of contributory work that should be 
aooarent from the many other topics discussed 
in the body of this section of the report. 

3.1 EBT THEORY 

D- B. Batchelor L. E. Oeleanu 
0 C. Goldf'inger D. B. tie 1 son 
C. t L. . Hedrick, Jr.* E. F. Jaeger 
L. U. Owen D. A. Spong 
A. H. Kriu J. S. Tolliver 

H. Weitener 

During this reporting period, the EBT 
T.ieory Section has 

(1) codified a basic scaling law for EBT in 
conjunction with the EBT Experimental 
Group (see Sect. 3.1.1), 

(2) participated in design studies of future 
EBT experiments,1 

(3) developed stability criteria (see 
Sects. 3.1.2 and 3.1.3), 

(4) developed new expressions for transport 
coefficients for EBT (see Sect. 3.1.4), and 

(5) applied these transport coefficients 
through a radially resolved transport 
code (see Sect. 3.1.6). 

Group Leader 



47 

3.1.1 ELMO Bur>py Torus -

I . A. Se.ry C. L. Hedrick, Jr . 
N. A. Uckan 

The EST program of experiment, theory, 
and reactor studies has been a remarkably 
successful one. In the f *ve years since 
EBT-I began operating, work has progressed 
from a demonstration of macrostability to an 
increasingly detailed understanding of trans­
port properties. Collisionless scaling ( t , 
increases with temperature} has been observed, 
and the magnitude of the energy confinement 
time is consistent with neoclassical theory. 
Experiments on EBT-S (for scale) are now 
being conducted a t the increased magnetic 
f ie ld levels and higher microwave power and 
frequency taade possible by a 28-GHz gyrotron 
development program. I n i t i a l results confirm 
our assumptions of neoclassical scaling. In 
conjunction with the experimental advances, 
EBT theory now has a well-developed transport 
theory that models the physics we row think 
to be important: for example, i t yields 
negative ambipolar electr ic fields that are 
consistent with thos.' measured. Stabi l i ty 
calculations continue to predict stable 
equilibrium with & r - n g ~ c o r e - 20-40.. 

Based on experiment and theory, projected 
reactor concepts are economically competitive 
with those of other geometries, and they 
offer f l e x i b i l i t y to deal with the c r i t i ca l 
reactor questions of maintenance, accessibi l i ty, 
fuel ing, ash removal, impurity control, and 
power handling. Technological demands are 
relat ively modest and, with the exception of 
microwave power sources, can be met within 
existing programs. Moreover, rapid progress 
Is being made in microwave tube development. 

When we examine the dimensionless plasma 
parameters required for an EBT reactor (EBTR), 
we find that , with the exception of beta, the 
EBT-I experiment is already operating in the 
correct regimes. Thus, i t is possible to 

Oirector, ORNl Fusion Program 

supply the necessary bridge to reactor levels 
with one major experiment. At the sar.e time, 
this experiment should achieve, ir Phase I , 
n 5 x 1 0 : ' cm* 3 , T 3 keV, '• 1 keV, 
and i. •- 2». For Phase I I . with neutral 
injection, we expect n 1 0 ' ' cm" i , T 
5-10 keV, T. - 5-10 keV, and i 5 - l (h . 
Performance at this level would provide a 
c r i t i ca l test of equilibrium, s tab i l i t y , and 
transport properties of EBT's and of our 
ab i l i ty to heat and fuel a larger, denser 
plasma. 

The succesrful operation of EBT-II 
w i l l provide the physics base for a reactor-
scale extension of the concept. 

F inal ly , i t should be noted that the 
operation of a large, superconducting, micro-
wave-heated, steady-state device would benefit 
the entire magnetic confinement fusion com­
munity-

3.1.2 A_ Pre] iminary Investigation of Trapped 

PiTAicJ e . JA s A a AUJjy A s . J.P_ J-BT: 

D. B. Batchelor C. L. Hedrick, Jr. 

An investigation is presented of the 
role trapped particles might play in the 
dr i f t wave stabi l i ty of EBT. The model 
adopted consists of a bounce-averaged dr i f t 
kinetic equation with a Krook collision 
operator. Care has been taken to model, at 
least in an elementary way, the features that 
distinguish the physics of EBT from that of 
tokamaks, namely the large magnitude and 
velocity space dependence of the poloidal 
d r i f t frequency ... the relat ively small 
col l isional i ty V / J , the enhancement of v ,. 
for passing part icles, and the closed nature 
of the f ie ld lines. Instabi l i t ies are found 
that have a somewhat dissipative character; 
however, the precessional d r i f t is found to 
be a significant stabi l iz ing influence. In 
most cases, the modes are completely stabilized 
when ut/i-.t ' 1 for normal gradients. For 
reversed gradients (u»/ i . . < 0 } , s tabi l i ty is 
greatly enhanced. 



Macroscopic StaDi i -,x.j ana .• . i - i t s 

•r. tne LLHj Burfy Torus' 

D. E. Nelson C. L. Hedrick, J r . 

v33netohydrod>r,a-'i<_ s t a b i l i t y l im i t s are 

determined for E!FT. Tne r e l a t i v i s t i c hot 

electron arru.it are considered to be r i g i d , 

r'ooi f. in.-; i?e -\$onet:c : i e ! d tut not in te r ­

act ing •nitn tne i n s t a b i l i t y . A modif ied 

ener.;> r r i r . c ip 'e is usee, and the s t a b i l i t y 

p r c t l e - is reduced to determination of the 

eigenvalaes of ir\ ordinary d i f f e r e n t i a l 

equation along each f i e l d l i n e . A threshold 

hot electron current is required for s t a b i l i t y ; 

i t s value agrees wi th experimental measure-

rents . The calculat ions show that stable 

nir.r, seta equ i l i b r i a are eas i ly created. 

"••' •"* 'i'-r..'-'-- ~re'=sport Properties of a Bunpy 
~'.--y. *•;-_ r i ' : i t e _-.adjaJ_AQbipolar FieJjl 

'.. '-. •.;-.''• '-• G. - a r r i s 

- • - • - - < • - ' 1 - ' . 

'•ejC'sS'-Ma" t r a n ; i ; r t e f f i c i e n t s for 

a tur-.py tOf j ' , n j ; e t>eer. CaiLu'iite**. by solving 

a bounce-averaged d r i f t k ine t ic equation 

loca l ly in radius. !n contrast wi th previous 

work, where the atr.bipolar f i e l d was assumed 

to be large r e K t i v e to the plasma thermal 

energy (e- ; /kT- • i ) , t i i i t e e l ec t r i c f i e lds 

are considered here [e - ; / kT - = 0 ( 1 ) ] . Both 

:>• Landau operator and the p a r t i c l e - and 

energy-conserving BGK model operator have 

been used, and * comparison of the two sets 

of resul ts indicates reasonable agreement. 

The resu l t i ng transport coe f f i c ien ts exh ib i t 

a strong dependence on the ambipolar f i e l d 

and on plasma c o l l i s i o n a l i t y ; in the large 

f i e l d l i m i t , the present resu l ts cor re la te 

c losely with e a r l i e r work. 

'• 7 ' \ i r . i ^ . r t i - tne LLMW 

ir. Coi 1 : sior.-i; s e :-,-eS' 

^ae :er C. L. red r i c» , wr. 

' .eutrai ar>j onorjeo pa r t i c ' e densit ies 

ana temperatures are -a icu lated ^s functions 

of radius for the toro-.oal plas~.a in LET. 

Energy-dependent ion izat ion and charge 

exchange ra tes, arfcipolar d i f f u s i o n , and 

se l f -cons is tent rad ia l e l ec t r i c f i e l d pro­

f i l e s are included. Variations i i the mag­

net ic f i e l d due to f i n i t e toro idal plasma 

pressure and transport due to d r i f t waves and 

magnetic f i e l d e r ro rs are neglected. When 

the large e l e c t r i c f i e l d I f c i t of the neo­

c lass ica l transport coef f ic ien ts i s used, 

resul ts are I H i t e d to r e l a t i ve l y cool electrons 

(kT . 100-ifOO eV) and co l l i s iona ' i scaling 

for r ad i a l l y inward point ing e l ec t r i c f i e l d s . 

3.2 HHD THEORY 

C. H. An 

R. G. Baterian, J r . 

B. Carreras 

L. A. Charlton 

k. P.. Dory 

H. R. Hicks 

J . A. Holmes 

J . K. Kunro, J r . 

D. G. Nelson* 

Y-K. M. Peng 

D. J . S t r i ck le r 

G. Vahala 

B. V. Waddell 

In the past year the MHD group h<«s 
continued to pursue its two main goals of 
understanding the equilibrium and stability 
behavior of present tokamaks and developing 
tokamak concepts with optimally high beta. 
(Beta is the ratio of plasma energy to mag­
netic energy.J 

The MHO behavior of present tokamaks 
appears to be dominated by resistive tearing 
modes, which are responsible for the m » 1 
sawtooth osci 1 latins observed near the 

* University of Tennessee Group Leader 
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cer,t:-r of -ne discnar?e, f i e ~ = 2 Xirnov 

c s c i l l a t i c r s observer rear the edge, and t te 

ra jo r u i s r - ^ t i ve i n s ' . a i i ! i r> chat engu.fs tr.e 

en t i re cross sect ion. Trere i s t> no* very 

•;ood expe r i - e r t i l a id corp>>tationa! ev ;dence 

that t^e najcr d is rupt ion is prec ip i ta ted by 

tne nonlinear in teract ion of the - = i , n - 1 

(2/1) and 3/2 nodes (Sects. 3 . 2 . 1 , 2 .2 .4 , 

3.2.5, 3 .2.6, 3.2.7. 3 .2 .3 , 3.2.10, 3.2.11). 

Fortunately, this rea l i za t ion has led to the 

discovery of a possible feedback yystec to 

suppress the in teract ion and avoid d isrupt ion 

(Sect. 3 .2 .9 ; . I f experiment proves the 

v a l i d i t y of th is method, very large savings 

in cost and improvement in r e l i a b i l i t y c f 

tokamak reactors could r e s u l t . The Mimov 

osc i l l a t i ons are alreost ce r ta in ty saturated 

m = 2 modes near the ' i r a i t e r , as shown by t?« 

agreement between theory and experiment 

(Sect. 3 .2.2) . Because they l i m i t conf ine-

liient in present tokjnaks, extrapolat ion of 

the i r behavior to fu ture experiments i s 

important. 

Vie- have continued to st:«2y evciut ion to 

high b e u usinc various approximations of 

piasma oehavior (Sects. 3.2.12, 3.2.13) . 

Extensive analyses of resu l t ing s t a b i l i t y 

l i m i t s on beta have been carr ied out 

(Sect. 3.2.15). The e a r l i e r predict ions of 

stable beta f o r ideal MHD modes in the range 

S-lQV have been borne out by careful analys is . 

Inclusion of r e s i s t i v i t y has shown that the 

actual s t a b i l i t y may be somewhat lowet but 

should be evidenced by j a l worsening of 

confinement rather than by sudden catastrophe 

(Sect. 3.2.16; . Shaping can lead to improve­

ment in beta, but too great an elongation is 

undesirable (Sect. 3.2.18). 

In other d i rec t ions recogni t ion of the 

d e s i r a b i l i t y of a higher duty cycle fo r 

tokamaks has led to a novel proposal for a 

continuous tokasiak (Sect. 3.2.14). Also, we 

have continued our extension of MHO by 

inc lus ion of tensor pressure and other con-

pi f eating phenomena (Sect. 3.2.17). 

J . . ; . : Ana ly t ic Model ior_ the K?.5]Jn§*r_Inter-

j , t i o n cf Tearing Modes of D i f f e ren t 

P i t ch i n ty_ i n d n k a l ^prEetry 

E. Carreras E- V. Jiaddell 

H. R. Hicks 

An ana ly t i c aodel has beet) developed f o r 

descr ib ing the nonlinear in te rac t ion o f 

tear ing modes of d i f f e r e n t p i tch in c y l i n ­

d r i ca l geometry for e q u i l i b r i a characterized 

by f l a t safety factor p r o f i l e s . The analys is 

shows that the 2/1 tear ing mode can des tab i l i ze 

odd =3 modes, pa r t i cu la r l y the 3/2 mode. The 

rcodel compares wel l wi th our three-dimensional 

(3-U'j code w i t h respect t o the t i ae evo lu t ion 

of the O'O, i / l , 2 / 1 , 3 /2 . and 5/3 nodes. 

Scaling ru.es are obtained for the pos i t ion 

and loca t ion in t'.we of the "̂ axicRsr. or peak 

i n the 3/2 growth ra te . The charac ter is t i c 

t i a e of des tab i l i za t i on o f the odd si modes 

predicted by the nodel correlates wel l w i th 

the observed t ine scale fo r the r.ajor d i s ­

rupt ion i n tokamaV.s. 

3.2.2 ? p 1 oida 1_Hajnejtic_fjeld_ Fluetua t ions 

in Tojcanaks^ 

G. Carreras B. V. Waddell 

H. R. Hicks 

Elementary nonlinear tear ing node theory 

in a 2-D c y l i n d r i c a l geometry i s used to 

pred ic t accurately the amplitude of the r, - 2 

polo idal magnetic f i e l d f luc tuat ions (Xirnov 

o s c i l l a t i o n s ) a t the l i m i t a r of a tokamak. 

Th? input required is the electron tempera­

ture rad ia l p r o f i l e f ran which the safety 

factor p r o f i l e can be in fe r red . The satura t ion 

amplitude of tne m = 2 tearing mode i s c a l ­

culated from the safety factor p r o f i l e using 

a nonl inear &' analys is . This gives an 

absolute r esu l t (no a rb i t ra ry factors) for 

the amplitude of the perturbat ion in the 

p j l c i d a l magnetic f i e l d everywhere, at the 

1 in i te r in pa r t i cu l a r . An analysis c f the 

http://ru.es
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.:-.:* -'•, i-:* Tovar-ak 'CSJCK; sr.2 T - i safety" 

*.•• :o>" ; . " ' , f i !es i in ferred fr>7i electron 

' . t". ' ."^". .••£• ;:rc-f iles.' ^Jves resul ts that a r t 

:r. . i ^o i re r . ; •*!•'• :*ie e*peri.--rntal d i ta fsec-

A ;tuo> or i general p r o f i l e shc*s that 

j> •: ' a i c t i on of ti.e safety factor a t the 

l i - r . i f i , a "oxi- j r- occurs in the amplitude of 

lh~ Mit-nov o s c i l l a t i o n . The magnitude o f the 

~a> :••:..-• if icreasei wit*; a decrease in tempera-

*i;re -leir the H o l i e r . 

O O V . / C * V FEE *« ' ! ' .« 

D 6 SCAN 

O : - SON ) 
• casXw". a*;on 

^ ORMtK CATA 

j . 2 . 3 ton-j.jnecr_ J^tfwj jca^ AljtOrjithxs 

for S>;Jdyinc; Tearjng Hqdes'-; 

B. V. aa-Jdeli* M. N. ftosenblutn* 

D. A. MonticeHo" P.. B. i ih i te" 

B. Carreras 

The ftunerical methods that have recent ly 

!«er. developed to study the nonl inear evolut ion 

o f " tea r ing nodes in tckataaks are summarized. 

The essent ia l features o f tear ing modes can 

be described by tne res i s t i ve MHO equations. 

The numerical algorithms described here are 

based on a reduced set of 2-0 r es i s t i ve MHO 

equations that are numerically t rac tab le . 

Two d i s t i n c t types of numerical methods are 

described in d e t a i l . In the f i r s t method, 

referred to as the dASSLESS a lgor i thm, the 

iner t ia i s neglected. On the other hand, in 

the second method, referred to as the MASS 

a lgor i thm, the i n e r t i a i s re ta ined; conse­

quent ly , the scheme is capable of handling a 

larger var ie ty of problems. Codes based on 

these two algorithms give s imi la r resu l ts for 

the rtonlinear evolut ion o f the m = 2 tear ing 

mode. 

3.c.4 Comments on "Simulation of Large MaqnetU 

Islands: A Possible Mechanism 

far a Major Tokamak D is rup t ion" 1 ° 

os r 

o 
• ; • 

*> 
• < z ( C > 

[ 

0 

B. Carreras 

B. V. Wdddeil 

H. R. Hicks 

S. J . Lynch 

In th i s Cosnment i t i s established that 

the numerical resu l ts for the nonlinear 

evolut ion of the m = 2 tear ing mode are 

affected by the density of the poloidal g r i d . 

F ig . 3 . 1 . Comparison of the experimental 

and theore t i ca l values of 8 / B , at the l im i t e r 

as a funct ion of q a t the l i m i t e r for ORMAK. 

I n s t i t u t e for Advanced Study 

Princeton Plasma Physics Laboratory 



* cc3'"se a r i d -.v.'es resu l ts that are Zj&r,l\-

t d i i v e l y and q u a i i m i v e l v ir-correct. Tie 

i-iport.5nt 3iia! i t a t i v e error is that with a 

coarse ; r i d the growth of the width of t i e 

associated rnagnetic island is exponential 

rather tnan algebraic -

3.2.5 Mecnanism_for Major Disruptions 

in Tokamaks--

B. V. Waddeil X. R. Hicks 

B. Carreras J . A. Holmes 

D. K. Lee 

We propose a mechanism for the major 

d isrupt ion in tokamaks that involves the 

nonlinear des tab i l i za t ion o f tear ing modes by 

the 2/1 tearing mode, where m and n denote 

the poloidal and toro idal mode numbers, 

respect ive ly . The magnetic islands generated 

can extend across the plasma cross sect ion. 

For r e s i s t i v i t i e s of the order of magnitude 

of these in TOSCA and LT-3. the t ine scale 

for t he i r appearance is consistent wi th the 

time for the major d is rup t ion . 

3.2.6 Nonlinear In teract ion of_Tear in^ Modes 

in Highly Res.'^Aiy?. J>"okariW>Jics.• -; 

B. V. Waddell 
B. f.arreras 

H. B. Hicks 
J. A. rtoimes 

A mechanism for the major disruption in 
tokamaks is proposed involving the nonlinear 
d&stabilization of tearing modes by the 2/1 
tearing mode, where m and n denote the poloidal 
and toroidal mode numbers, respectively. A 
3-0 cylindrical nonlinear code based on a set 
of equations valid in the limit of low beti 
and large ratio of the toroidal and ooloidal 
magnetic fields has been constructed. The 
essential result is that for safety factor 
profiles flat in the plasma core (square 
profiles), the ?/I mode significantly desta­
bilizes other modes, particularly odd nodes 

Sdcr, is t*K- 3.'2 ~Cvie, t>efcre tiic- Z.'i ".-..' ir.o 
in the s Inule-pitcn lir.it has e>p<sr...1e--! to its 
na»irur width. Man., ra^netic isl.5<-,<K o* 
different pitch are produced, ir.C- tne corre­
sponding deformation of the toroidal current 
density is more severe than in the 2-C 
(single-pitch) case. The magnetic islands 
generated can extend across the plasina cross 
section; presufiiably, the corresponding ergorfic 
iwgnetic fields can result in the escape of 
particles and heat frur: t.ie plaswa cere. Ar. 
analytic model in agreement with these results 
is also presented. 

With respect to experiment, trie 3/2 node 
has been reported to be observed in the LT-3 
tokamak. A poloidal asymwetry in the dis­
ruption has been observed in AlCATOR. the 
Princeton Large Torus tPLTJ. and T-<t, but the 
mode numbers have not been determined. For 
resistivities that correspond to those in 
TOSCA and LT-3, the time scale for the 
appearance of the islands is consistent wit-
the observed time for the rr.ajcr .lisrjpticn. 
If tne results are extrapolated to '«'.', 
resistivities using the analytic-^odel, the 
titne scale is consistent with F'LT and a 
variety of other machines. 

Figure 3.2 illustrates nonlinear cot- ling 
effects. 

1.2.7 Magnetic "Islandr -ippy'' in Tokanars• ' 

J. 0. Callen J. A. Holmes 
fi. V. Waddel! D. K. Lee 
6. Carreras S. .!. Lynch 
M. Azumi J. Sm in 
*. ,'. Catto M. Soler 
H. R. Hicks K. T. Tsang 

J. C. Whitsjn 

Tearing modes are shown to be responsible 
for most of the experimentally observed 
macroscopic behavior of tokamak discharge.. 
The effects of these collective magnetic 

http://lir.it
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Fig. 3.2. Nonlinear coupling of unstable tearing nodes of different helicity 
can lead to a disruptive instability. 

perturbations on ir-agnetic topology and plasma 
transport in tokamaks are shown to provide 
plausible explanations for internal dis­
ruptions [rr./n - ' ) , Hirnov oscillations 
(m/n = 2,3,...), and major disruptions 
(coupling of 2/1-3/2 modes). The nonlinear 
evolution of the tearing modes is followed 
with fully 3-0 computer codes. The effects 
on plasma confinement of the magnetic islands 
or stochastic field lines induced by the 
macroscopic tearing modes are discussed and 
compared with experiment, finally, micro­
scopic magnetic perturbations are shown to 
provide a natural model for the microscopic 
anomalous transport processes in tokamaks. 

geometry. We have studied their nonlinear 
evolution that, through magnetic island 
formation, leads either to saturation of the 
tearing mode (a new nonaxisymmetric equilibrium 
is reached) or to a redistribution of the 
flux and field line reconnection in Kadomtsev's 
sense (a new axisymmetric equilibrium is 
obtained). An empirical prediction for the 
accessibility of the reconnected state is 
given. In particular, we consider tearing 
modes with low poloidal mcue number (m - 2, 3) 
to interpret some minor disruptions observed 
in tokamaks, namely, m * 3 minor disruptions 
in PLT. We have also considered tearing 
modes with higher poloidal mode number. 

3.2.8 Tearing Mode Activity for Hollow 
Current Profiles'*• 

B. Cdrrerai H. R. Hicks 
B. V. Waddell 

We present the results of a study of 
the nonlinear stability of tearing modes 
for hollow current profiles in cylindrical 

3.2.9 Stabilization of Tearing Modes to 
Suppress Major Disruptions in Tokamaks1 'J 

J. A. Holmes H. R. Hicks 
8. Carreras S. J. Lynch 

B. V. Waddell 

We show, for q-profiles that lead to a 
disruption, that the control of the amplitude 
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of tne 2/1 tearing mode avoids the disruption. 
We have stud tea ({-profiles measured in T-4 
and PLT before a major disruption. Two 
^»thods of controlling the 2/1 node amplitude 
have been considered: (1) Feedback stabili-. 
nation with the feedback signal locked in 
phase with the 2/1 node. The najor disruption 
is suppressed if the feedback parameters 
(tiae delay and gain) are properly chosen. 
Otherwise, we observe only a delay in the 
disruption. (2) Heating slightly outside the 
q = 2 surface. Modifying the current density 
profile can decrease, and even eliminate, the 
2/1-3/2 interaction. In this way the dis­
ruption is avoided. 

In both cases it is only necessary to 
decrease the 2/1 mode amplitude to suppress 
the disruption. It is not always necessary 
to stabilize the unstable modes fully. 

3.2.1C Tearing Mode Analyses of MHD Activity 
in ISX-A 

B. Carreras J. L. Ounlap* 
A. P. Navarro* H. R. Hicks 
R. 0. Burris H. Murakami* 

V. K. Pare* 

We have studied an ISX-A sequence of 
ISX-A discharges that became disruptive after 
tungsten was injected at ilOO msec. These 
discharges can be classified into two groups 
from the point of vie of MHO activity: 
type H discharges (hard disruption) and 
type S discharges (soft disruption). This 
different behavior has been compared with 
nonlinear tearing mode theory. The 3/2 mode 
is found to be stable for the current profiles 
associated with type S discharges and unsuble 
for type H discharges. In cylindrical approxi­
mation this leads to identifying type S 
discharges as those dominated by a single 2/1 
mode and type H discharges as those involving 
mixed helicities. 

Experimental Confinement Section 

3.2.1! Effects on the Nonlinear Interaction 
cf Tearing Modes due to Temperature 
Evolution 

H. R. Hicks B. V. Waddell 
B. Carreras 0. K. Lee 

Previously we presented numerical results 
of the nonlinear interactions of tearing 
nodes as a mechanism for the najor disruption. 
In the cases studied, instead of using a 
time-independent resistivity, we utilized 
Spitzer resistivity in conjunction with an 
electron temperature equation. The effect of 
evolving resistivity on the saturation of 
single-helicity tearing modes can, in principle, 
be large. However, as realistic values of 
resistivity and parallel electron thermal 
conductivity are approached, the effect 
becomes minimal. The effect on multlhelicity 
cases is to speed up slightly the process by 
which a large region of stochastic field 
lines is formed. 

3.2.12 Evoliition of Flux Conserving Tokamak 
Equilibria with Preprogrammed Cross 
Sections 1 6 

J. A. Holmes Y-K. M. Peng 
S. J. Lynch 

The evolution of MHO equilibria towards 
high beta is modeled by magnetic flux con­
servation with a given q(*) and by particle 
and energy balances tnat determine p(*,t). 
One-dimensional single-fluid transport 
equations, written with the magnetic flux g 
as the independent variable, are coupled to 
the 2-0 axisymmetric MHO equilibrium and flux 
conservation equations through v and p{ v,t). 
In moving boundary studies (plasma compression), 
the resulting system of equations is advanced 
in time from an initial state by a procedure 
that utilizes two nested predictor-corrector 
loops together with in implicit time-stepping 
technique. The inner predictor-corrector 
loop advances the transport equations subject 



to «. given equilibrium configuration while 
the outer loop evolves the equilibriur using 
a fixed boundary fl-jx-censervins code. For 
fix<jd plasma boundaries, this procedure is 
modified ' r greater ;opputational speed. 
Our results show satisfactory quality in 
numerical convergence. The use of the fixed 
boundary equilibrium technicue allows the 
evolution of tl*> plasma cross section to be 
programed. This method can be applied to 
the study of flux-conserving evolution of 
ec.jiiibria involving dramatic changes of 
plasssa position, shape, and profiles while 
prescribing the evolution of the plasma 
boundary. A3 an example, the ccmpressional 
seating 1MS of Furth and Yoshikawa are 
modified for small aspect ratio. 

3.2.13 Intense Neutral Beam Heating in the 
Adiabatic Approximation17 

0. B. Neison 

The economic viability of tokamak fusion 
reactors improves significantly if beta can 
be raised above 5i to 10S. High-powered 
neutral particle injection makes possible the 
attainment of such beta values if the corre­
sponding equilibria exist, are dynamically 
accessible, and can be maintained against 
instabilities and transport. Early analytic 
work seemed to indicate a restrictive equi­
librium constraint, & , ' 1/e or £ < t/q*, 
with t the inverse aspect ratio (typically 
1/3 to 1/5) and q the safety factor at the 
wall (typically 3 to 5). The physical process 
that limits beta was the appearance of a 
poloidal field (PF) null (stagnation point} 
at the inside edge of the plasma. However, 
If energy is deposited on a time scale that 
is rapid compared with the resistive skin 
time, the magnetic flux remains frozen. The 
plasma then evolves as a flux-conserving 
tokamak (FCT), and a stagnation point cannot 
move into the plasma. Recent calculations 
have exploited the FCT corcept to produce 
equilibria with beta exceeding 30%, con­

siderably above the supposed liait. These 
calculations do not demonstrate the dynamic 
accessibility of high beta osuilibria; in 
fact, the authors were able to calculate FCT 
equilibria only over a limited ranee cf 
parameters. If this ere due to nonexistence 
cf equilibrium, the initial state and heat 
deposition profile would have to be carefully 
tailored to achieve success. 

This paper exhibits a simple method for 
following the dynamir evolution of the plasma 
under neutral beam heating. While the method 
used is also being applied to more general 
transport calculations, for these results it 
is assumed that the heating is rapid compared 
with resistive diffusion or cross field heat 
conductivity. Thus, the plasma evolves 
adiabatically, i.e., according to the ideal 
MHO equations. It is found that high beta 
states can be attained with a wide variety of 
initial conditions and heating profi'es. 

3.2.14 Continuous Tokaroaks13 

Y-K. H. Peng 

Vie propose a tokamak configuration that 
permits the rapid replacement of a plasma 
discharge in a burn chamber by another one in 
a time scale much shorter than the elementary 
thermal time constant of the chamber first 
wall. Thus, with respect to the chamber, the 
effective duty cycle factor can be made 
arbitrarily close to unity, minimizing the 
cyclic thermal stress in the first wall. At 
least one plasma discharge always exists in 
the new tokamak configuration, hence, we have 
a continuous tokamak. By incorporating 
adiabatic toroidal compression, configurations 
of continuous tokamak compressors a m intro­
duced. To operate continuous iokamaks, it is 
necessary to introduce the concept of mixed 
PF coils, which spatially groups all the PF 
coils into three sets, ail contributing 
simultaneously to inducing the plasma current 
and maintaining the proper plasma shape and 
position. Preliminary numerical calculations 



of axisymnetric NKO equilibria in continuous 
tokamaks indicate the feasibility of their 
continued plasma operation (see Fig. 3.3 and 
Table 3.1). Advanced concepts of continuous 
tokanaks to reduce the topological complexity 
and to allow the bum plasma aspect ratio to 
decrease for increased beta are then suggested. 
Comparisons with conventional vokamaks are 
made ir. the light of reactor applications, 
indicating several potential advantages of 
some advanced continuous tokauaks that require 
comparable toroidal Magnetic field energy to 
produce comparable fusion power. 

OWW./OW6AED 78-iO 

Fig. 3.3. Poloidal flux produced by 
all current sources in a continuous tokamak 
compressor with plasmas B and C of Table 3.1. 

3.2.15 yery Small Aspect Ratio Tokamaks 1 0 

Y-K. M. Peng R. A. Oory 

Magnet.ohydrodynamic (MHO) stability 
analyses are carried out for tokamak equi­
libria with A = 2.0 artd 1.5, q(boundary)/ 
q(axis) 3 2, and gp s A/2 (see Fig. 3.4). 

When a conducting wall is at a distance 0.2a 
fro* the plasma with A = 1.5, the c. * ica| 
ST(= 8«p/By } values are found to be 0.47, . 
0.37, and 1.33 for toroidal node numbers -. 
N = 1 , 2 , and 3, respectively (see Table 3-2}-
A linear extrapolation in V'K - 0 results in 
a ? r c of 0.28, which is consistent with the 
results based on analyses of large ballooning 
•odes on ea * f l u surface. For the" case of 
A - 2.0. i j c values on plasma parameters are 
quantified together with suggested approaches 
to produce the plasma Vic idiabatic compression. 
For demonstrat:ng bfgh j ^ »iih A s 2. 8 j 0 = 
1.2 T, and R = I6<sp via a compression ratio 
of C = 3, a neutral bean power of * ! Mi, a 
resistive coil power of 2 Ml . and a compression 
energy input of 3.3 kJ in 1.4 wsec would be 
required. For deajn&trating theraonuclear 
ignition with A = 1.5, 6 , = 4.0 T, and 

vO - _ 

R 0 - fiO cm via a compression ratio of C = 4, 
a neutral beam power of i5 Ml, a resistive 
coil power of -170 Mi, and o compression 
input energy of %6 MJ in 0.2 sec would be 
required. Based on reasonable scaling 
assumptions, the plasma would ignite with a 
total fusion power of ^100 MW. With a bum-
ti*e of f sec (which is o n third of the 
L /R ), the plasma energy qc.,\ per discharge 
is estimated to be -5o. Because of the 
reduced toroidal transit length for supra-
thermal ions and the increased beta and 
pressure gradient, it becomes relatively easy 
to drive large current via neutral beam 
injection or the bootstrap effect. Comparisons 
with other toroidal concepts show that, given 
t*v calculated high $•» values, very small 
aspect ratio tokamaks have relatively good 
confinement and efficient use of field energy. 

3.2.16 Low C. .sity Ignition Scenarios Using 
Injection Heating 

J. A. Holmes Y-K. M. Peng 
J. A. Rome S J. Lynch 

By taking advantage of central alpha 
heating, profile effects, and flux surface 
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Table 3 . 1 . Currents in co i l s fo r plds«as 6 and C when they aro alone 
and when the/ are coexist ing j n a continuous tokarak compressor 

corresponding to the equ i l i b r i a shown in Fie. 3.4 

FiasiTia B C . I e - -3 ! p , 
I p - 16) 

Plasma C ( 
-7.6) 

Coil No. ,-n . c . . . 
" I ' i T " ' i ' " p 

, 0 , , 
- M " p " V 1 i ' " i ' " p 

1 0 -0.219 0 1.128 

2 0.465 0.630 0.393 -0.571 

. 3 0 -0.111 0 0.201 

4 0.210 ft. 225 0.089 -0.027 

5 0.210 0.167 0.089 0.054 

6 z. 0.210 0.211 0.089 0.012 

J 0.210 0.139 0.089 0.071 

8 0 0.131 0 -0.158 

- ; 9 .-, 0.465 0.049 0.393 0.614 

;10 o \ . 0.389 0 -0.445 

n 0.205 Q.426 0.143 -0.007 

12 0.205 0.085 0.143 0.268 

1J - 0 •'-_ - . (J. 038 0 -0.046 
14 0.205 0.?fl6 0.143 0.159 
15 . 0 0.006 .- 0 -o.on 
15 0 C.004 0 0.015 
17: 0.205 0.207 0.143 0 097 

18 0 0.009 0 0 .187 ' 

19 0.205 0.196 0.143 -0.492 
20 0.205 " 0.211 0.143 :- 0.952 

12 

Ip-SURFACES. w 
i I I I \ 
111 \ 16 

h (;. ml 

*)'T = 0 4 3 , 0p »0 '39 

if 

40 

O S N ' ,DWC/FrC> 7&-r r ;.\e 
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\ <= 
Ftg. 3.4. Constant ^ trA [B| surfaces for MHO e q u i l i b r i a with 

2.0 and 1.5 and parameters '>hown in Table 3 . 1 . 



57 

Table 3.2. Parameters of marginal s tabi l i ty based 
on the equil ibria shown in Table 3.1 and Fig. 3.4 

Aspect ratio (A) 
2.0 1.5 

Major radius (R Q) 16 60 
Minor radius (a) ft 40 
Elongation (-} 1.65 1.65 
8To ( R = V 1.20 x 10-G 4.0 x lO" G 
Plasma current (I ) 
q o 

0.268 x iOe A 6.54 x 10 f A Plasma current (I ) 
q o ..59 2.08 
% 3.25 4.47 
"P 0.99 0.75 
I (: 8-p/B2) 0.14 0.17 

°Tc 0.1S 0.28 
-:Tc (peak) 0.40 0.57 
B T (R = R Q - a) 2.40 x 10 u G 12.0 x 10" G 
B T (R = R 0 + a) 0.80 x 10'* G 2.4 x 10" G 
B p (R = R 0 - a) 0.681 x 10 - G 3.65 x 101- G 
B p (R = R 0 • a) 0.597 x 10 • G 2.58 x lO" G 
VP 2.91 x 10 u cm3 2.70 x 10 f an'-

shifts in elongated plasmas, i t is possible 
to ignite a modeleJ, prototypical reactor 
plasma using 100-150 keV (D+) neutral beams. 
To do th is , the plasma is started at f u l l 
bore but low density. The density is *' 
increased by peripheral fueling so t 
central core begins to ignite at tht 
when the neutral bewis no longer penetrate to 
this region. The fusion alpha particles take 
over the heating requirements in the core 
region. 

Examples of our results are shown in 
Figs. 3.5 and 3.6. As seen in Fig. 3.5, 
ignition is achieved with 92 MW of neutral 
ueam power despite pessimistic heat conduction 
coefficients of x e = 10 1 8 / n e cm2/sec and 

<i = 2 x *neoclassicaV C o m P a r a b 1 e r e s u 1 t s 

are obtained with 50 MW of neutral beam power 
when x- - 5 x 10 1 7/n cm2/sec and \, = 

"neoclassical' A s t b e d e n s 1 t y 1 n c r e a s e s « t h e 

neutral beam he*t1ng is increasingly screened 
out of the plasma center, but the increased 
nuclear heating in the center takes over. 

Also, the plasma center shifts with increasing 

Because of the decreasing beam line 
efficiency with increasing energy, i t is 
found that a nearly constant extracted powe.-

is needed for ignition in the range studied. 
There is , thus, l i t t l e economic difference in 
this energy range. However, the higher 
energies 150 keV imply fewer injectors and 
perhaps lower impurity production rates 
during heating to igni t ion. 

3.2.17 Resistive-Ballooning-Mode Equation'0 

R. G. bateman. Jr. 0. B. (ielson 

A second order ordinary differential 
equation on ?*ch f lux surface is derived for 
the high-mode-nuniuftr l imi t of resistive MHD 
ballooning modes in tokamaks with arbitrary 
cross section, aspect r a t i o , and shear. The 
equation is structural ly similar to that used 
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to study ideal KHD ballooning irodes com­

pu ta t i ona l l y . The nodel used in th i s paper 

predicts "linear i n s t a b i l i t y i n the high-node-

njr.ber l i r i t , wi th growth ra te proport ional 

to r e s i s t i v i t y when the pressure gradient is 

snai l compared wi th the c r i t i c a l value needed 

for ideal MF.D s t a b i l i t y . 

3.2.13 '<ecessary S t a b i l i t y C r i t e r i on for 

Plasma Equ i l i b r ia with Tensor 

Pressure- ; 

D. B. Nelson G. 0 . Spies* 

C. L. Hedrick, J r . 

A necessary s t a b i l i t y c r i t e r i o n is 

derived that i s va l i d w i th in ideal MHD, one-

f l u i d guiding center theory, and double-

adiabat ic theory. The e q u i l i b r i a considered 

ate such cnat the magnetic f i e l d l ines e i t he r 

»rs closed or in tersect insu la t ing end p l a t e . . 

Due to tne inc lus ion of bal looning pertur­

bat ions, the c r i t e r i o n is stronger than that 

fo r s t a b i l i t y to l ine-preserv ing per turbat ions; 

un l ike the l a t t e r , i t is v io la ted in the bulk 

Of the plasma of EET-like e q u i l i b r i a . This 

disagreement wi th observations suggests that 

k ine t i c e f fec ts must be included to explain 

the experiment. 

3.2.19 StabijJty_ of Tokamaks w i th Elongated 

Cross Section-'' 

C. H. An R. G. Bateman, J r . 

Fixed boundery n = 1 MHO i n s t a b i l i t i e s 

are studied computationally as a funct ion of 

diamagnetism U M , ) and current p r o f i l e in 

elongated toro idal e q u i l i b r i a (1 ' b/a < 4 ) . 

I t i s found that even s l i g h t l y diamagnetic 

plasmas wi th broad current p r o f i l e and a 

highly elongated cross section are subject to 

a bal looning i n s t a b i l i t y for q-values well 

above uni ty at the magnetic ax i s . A peaked 

current p r o f i l e in a m i ld l y diamagnetic 

plasma decreases the elongation of the inner 

f l ux surfaces and reduces the marginal q-value 

by suppressing bal looning nodes. The maximum 

stable volume-averaged beta is achieved w i th 

a bread current p r o f i l e and e i ther a para­

magnetic plasma U^-, • I ) w i th a h ighly 

elongated cross sect ion (b/a 2) or a d i a ­

magnetic plasma U ^ i 0 wi th only a mi ld ly 

elongated cross sect ion (b/a 2 ) . 

3.3 KIKETIC THEORY 

C. 0. Beasley, Jr. 
J. D. Callen 
P. J. Catto 
E. C. Crume, Jr. 
J. Denavit 
S. P. Hirshraan 
L. K. Hively 
J. E. HcCune 

J. C 

K. K. Heier 
J. A. Rome 
D. J. Sigaar* 
J. Smith 
W. M. Stacey, Jr. 
K. T. Tsang 
G. Vahala 
W. I. van Rij 

Hhitson 

Kinetic Theory research will be broken 
down into the following categories: (1} anom­
alous transport (Sect. 3.3.1), (21 neoclassical 
transport and analytic finite beta equilibrium 
(Sect. 3.3.2), (3) energetic particle orbits 
and neutral beam injection (Sect. 3.3.3), and 
(4) numerical simulation of collisional 
transport and drift waves (Sect. 3.3.4). For 
each area a summary will be given, followed 
by short abstracts of individual work, 
following are iome overall highlights. 

Foremost, there were major contributions 
to the linear and nonlinear theory of anomalous 
drift-like transport in tokamaks. Linearly, 
a new branch of finite beti shear Alfven 
waves was discovered in sheared tokamak 
equilibria. Nonlinearly, the longstanding 
resonance broadening theory of drift waves 
was fundamentally extended to sheared magnetic 
fields and to include a self-consistent 
determination of the saturation amplitudes. 
Returning to linear theory, the low m and i 

New York University Group Leader 
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sf»ir Alfven radial eigenmodes in a tokamak 
reactor were shown to be strongly destabilized 
by a drift resonance due t' the density 
gradient of the alpha particles, and a high 
frequency mode driven by be nonthermal 
velocity distribution of tro.- alpha particles 
MS found indicating anomalously rapid alpha 
slowing down. 

3.3.1 Anomalous Transport 

Besides the results just mentioned, 
there Mas systematic progress regarding the 
stability behavior of the drift AlfveVt wave 
branch (at high-node numbers). This area was 
reviewed a . the American PhysQwl Society 
(APS) r«eting, and alpha particle {"ynainics 
were reviewed at the Gordon Conference, the 
nore fundamental work onilrift and drift 
shear Alfven waves predominated over the 
previous enpha; is on trapped-electron •"nsta-
bilities whô e >reatiient, however, ?'.so 
-advanced to inckde the 2-D eigenvalue problem. 
As an intermediate step between the historic 
resonance broadening theory in shearless 
geometry and the most recent self-consistent 
advance to sheared magnetic field geometry, a 
turbulence theory for the dissipatlve trapped 
electron instability appeared faPtyiiLb oj 
KiUdi. 

Anoma'ous Alpha-Particle Transport 
in Thermonuclear Tokamak Plasma23 

D. J. Sigmar H. C. Chan* 

Because of the strong localization of 
the fusion-born alpha particles in velocity 
and configuration space and their coupling to 
Alfven waves in the background plasma, the 
relaxation of alphas is anomalous. In a 
finite system, the enhanced electromagnetic 
fluctuations can produce rapid spatial losses 
of alpha population and energy. These losses 
prevent the alpha velocity distribution from 
attaining a staole colUsional equilibrium, 

'Massachusetts Institute of Technology 

thus maintaining a steady-state turbulence 
level. A self-consistent numerical quasi-
linear calculation is performed for one of 
the most dominant low-fluency modes, showing 
the evolution of the alpha distribution and 
yielding the anomalous loss rates. 

Adiabatic Modifications to Plasma 
. Turbulence Theories2** 

P. J. Catto 

Improved particle trajectories are 
employed to treat the adiabatic or Kaxwell-
Boltmam response of a plasma in order to 
choose between contradictory prescriptions 
for obtaining the nonlinear dispersion relation 
from the linear one. 

Turbulence Theory for the Pissipative 
Trapped Electron Instability25 

K. T. Tsang J. D. Callen 
G. Vahala 

Drift orbit diffusion induced by turbu­
lence acting on trapped electrons is shown to 
reduce and broaden the magnetic drift resonance 
and produce the dominant nonlinear saturation 
mechanism for the dissipative trapped electron 
instability. The fluctuation level obtained 
from such a theory is found to be consistent 
with present experimental observations. 

Trapped Electron Instability in Tokamaks: 
Analytic Solution of the Two-Dimensional 
Eigenvalue Problem26 

P. J. Catto K. T. Tsar.g 

The 2-D eigenvalue equation for the 
trapped electron instability in tokamaks is 
solved analytically by both a perturbation 
technique and a more exact method of matched 
asymptotic expansions. The important physical 
effect is shown to be the radial localization 
of the trapped electron term caused by the 
difference between the pitch of the magnetic 
field and that of the mode. This localization 
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results in a completely new form for the 
dispersion relation and dots not impede 
sagnetic shear stabilization. Coupling of 
neighboring rational surfaces is shown to 
result in an increase of only T/2 (at Most) 
in tne growth rate. 

Linearized 6yro-Kinetics17 

P. J. Catto 

Finite gyroradius effects are retained 
in a far simpler manner than previous treat­
ments by transforming to the guiding center 
variables and gyroaveraging before introducing 
magnetic coordinates. 

"Absolute Universal Instability" 
Is Not Universal26 

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

The roots of an improved analytic eigen­
value equation for the absolute universal or 
collisionless drift instability in a sheared 
aonetic field are found numerically and 

c spared with the eigenvalues obtained from a 
numerical solution of the exact differential 
equation. The startling result is that both 
techniques predict stability, no matter how 
weak the shear or how large the transverse 
wave number, in contradiction to all previous 
work. Stability Is due primarily to '.he 
stabilizing influence of the ncr>rc,unant 
electrons. 

Drift Aifven Waves in Tokamafcs29 

K. T. Tsang J. D. Callen 
J. C Whitson P. J. Catto 

J. Smith 

A new branch of solutions of the finite 
beta, drift wave radial elgenmode equations 
has been found. The branch is heavily damped 
in the low beta regime and identified with 
the shear Aifven wave. This branch and the 

usual electrostatic branch are damped in a 
collisionless plasma. Including trapped 
electron effects introduces an instability 
that is potentially harmful to plasma con­
finement. 

numerical Studies of Electromagnetic 
Drift Have Stability in a Sheared 
Magnetic Field 3 0 

K. T. Tsang 

For beta values of present-day tokamafcs, 
6 > aig/m^ the electrostatic approximation 
for drift waves begins to break down and 
finite beta effects become important. The 
radial eigenmode equations for electromagnetic 
drift waves in a sheared magnetic Vield 
consist of two coupled second order differential 
equations that, in the local approximation, 
depict the coupling between the drift wave 
and the shear Aifven wave due to finite Larmor 
radius effects. In the nonlocal analytic 
calculation, only the drift eigenmode has 
been unambig-~ous1y recovered. We investigate 
this fourth order system numerically and 
discover two distinct eigenmode branches. 
One of them is the finite beta modified drift 
wave eigenmode that reduces to the electro­
static drift wave as beta decreases to zero. 
The other branch, whose eigenfrequency scales 
roughly like &' 1/ 2 for low beta, has no 
electrostatic limit. The drift branch is 
further stabilized by finite beta effects 
while the second branch, which we call the 
Aifven branch, 1s destabilized by finite 
beta. In a collisionless plasma, both 
e.germodes are absolutely stable. Including 
electron collisions by a number-conserving 
Krook collision term with energy-independent 
collision frequency, we find collisions have 
a stabilizing influence. Both modes can be 
destabilized by a parallel current, although 
the critical current Is high. Inclusion of 
trapped electrons phenomenologically can also 
lead to Instabilities. In these calculations 
we have retained the full ion plasma dispersion 



function. If the high phase velocity expansion 
U/K *; • 1) in the ion response is used, 
then a spurious unstable mode can be found. 
However, the eigenfrequency of this mode 
gradually goes io zero as we switch from the 
high ohase velocity expansion tn th<? inn 7 
function. For very small perpendicular wave 
number, eigenmodes with parity odd for the 
perturbed electrostatic potential and even 
for the perturbed radial magnetic field have 
infinite radial extent- When boundary con­
ditions are changed to match the external MHO 
solution, kinetic tearing taodes can be obtained. 
Only the shear Alfven branch can be destabilized 
by a finite £'. We conclude from these 
studies that the shear AifVen eigennode is 
probably more relevant fe) present experiments 
than the drift wave eigeraode. 

Numerical Study of Drift-Alfveh Waves 
in a Sheared Magnetic Field 3 1 

K. T. Tsang J. C. Whitson 
J. Smith 

In this study the coupled radial eigen-
mode equations for electromagnetic drift waves 
in a sheared magnetic field are solved numer­
ically. In addition to the familiar drift 
eigenmodes, a different set of eigenmodes was 
found that is the analog of the sheared Alfven 
waves of local theory in a sheared ;.agnetic 
field. The drift mode is mainly electrostatic, 
and the shear Alfven mode is mainly electro­
magnetic and closely related to the high order 
tearing modes. 

Turbulent Destabilizatlon and Saturation 
of the Universal Drift Mode in a Sheared 
Magnetic Field 3 2 

S. P. Hirshman K. Molvig* 

In a sheared magnetic fle'id, turbulent 
diffusion of electrons in the vicinity of a 
mode rational surface can eliminate the 
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Stabilizing influence of nonresonant electrons 
and lead to an absolute instability at small 
but finite wave amplitudes. As the turbulence 
grows, the inverse electron Landau resonance 
is broadened in both velocity arid contij -a-
ticr. spccc, and the coiWeiLive shear damping 
due to ions is enhanced by turbulent spatial 
broadening of the mode until saturation occurs. 

Anomalous Slowing Down of Alpha Particles 
in Toroidal Plasma'3 

K. Molvig 0. J. Sigmar 

A systematic search for alpha-driven 
high frequency instabilities with substantial 
anomalous transport consequences results in 
bands of modes in the frequency range 
"ci* ~ < "oi* w' t h t h e ^ a s t e E t z o f e near « . 
being mainly electrostatic. For the wave 
vector k such that m = i - 0, k = k , to 
lowest order, the lack of poloidal mode 
structure leads to spatial detuning of the 
destabilizing term and an essentially unmag-
netized response function. 

We calculate the linear growth rate and 
the alpha threshold density, solve the steady-
state quasi-linear equations for f l ( J and D l a , 
and determine the relaxation time of perpen­
dicular alpha energy. (The resonance does 
not affect the parallel energy, to leading 
order.) This instability provides anomalous 
slowing down to near thermal energy at a rate 
much faster than collisional, as will be 
shown quantitatively. 

Shear Alfven Wave Destabilized by Alpha 
Particles In a Tokamak Reactor31* 

D. J. Sigmar S. P. Hirshman 
i. C. Whitson 

Recently, Tssng et &1 .",5 have demon­
strated the existence of a shear Alfven 
radial elgenmodc In a sheared magnetic field 
geometry and found destabilizatfon by trapped 
electrons. In a, tokamak reactor this node 



nay be driven by the fire energy of K» alpha. 
particle gradients2* or by the[positive slope 

:-of the thermonuclear alpha distribution. !" 
£n Ref. 36 .a .fourth order radial differential 
equation was derived and an approximate 
stability criterion inferred froe * UCB 
condition (without obtaining the node struc­
ture), tie derive the-integral equation for 
this mode.from the gvrofcinetic equation and 
investigate stability and'aode structure for 

•r ^ fistte jtt?/'«r. Differences between the 
integral and differential femulations are 
discussed. " _ r . c 

c " 3.312 neoclassical Transport and Analytic 
'"==.- •-. Finite Beta Equilibrium 

3̂ . Our longstanding effort in (1) the 
fundamental development of multispecies 
(impurity) transport. (2) its application to 
tofcamaks, and (3) the numerical evaluation of 
(1) and (2) has led to a larger-thar-average 
strew of publications in 1978. An extreaely 
useful constitutive relation between the 
neoclassical parallel viscous force and the 
poloidal flow velocity, valid for all col-
lisionality regimes and arbitrary tofcamak 
equilibria has enabled a complete fluid 
equation foraulation of neoclassical theory. 
This in turn has facilitated the extension of 
this theory to include particle and momentum 
sources (a forthcoming need of our ISX-B 
program) following an earlier paper this year 
on the time evolution of the ambfpolar 
potential in axisymetric neoclassical 
plasmas. Numerically, our Collisional 
Plasm Model (CPU) code was used for precise 
studies of the transition from the plateau 
to the collisionaV regime. Numerou* other 
important contributions »re abstracted In 
this section. 

Related to and necessary for collisional 
transport theory In this laboratory, orienta­
tion towards higher beta tokamaks has moti­
vated us to analyze analytically as far as 
possible finite beta, nonclrcular cross-
section MHO equilibria. 

Equilibria of High Pressure Elliptic 
Flux-Cow-aerying Tofcangk 

» » 
T. Mizaguchi 1. Kaawash 

:0. J. Sigmar 

An1 analytical calculation i s tarried out 
to determine the plasma current and poloidal 
beta for * toroidal plasma with an elliptic 
cross section under the constraint of flux 
conservation. It is shown that the pressure 
buildup during heating occurs in two stages: 
an outward shift in the magnetic axis and an 
elongation in the flux surfaces. The totaf 
plasma current increase; with the pressure 
variable more rapidly for an.-elliptic cross 
seclim.Jtop;3Vdoes for:.a circular cross see* 
tion. Tills current rise produces a rather slow 
rise of the poloidal bete with pressure,-parti­
cularly for large elongations. The ensuing 
class of flux-conserving equilibria is charac­
terized by large beta but modest poloioai beta. 

Aiw'.ytic High p. Flux unserving 
Equilibria for Cylindrical Tokawaks33 

. 0. J . Sigmar G. Vahala 

Using Grad's theory of generalized 
differential equations, the temporal evolution 
from low to high beta due to adiabatic and 
nonadiabatic (*.e., neutral bean injection) 
testing of a cylindrical tokamak plasma with 
circular cross section and peaked current 
profiles is calculated analytically, the 
influence of shaping the initial safety 
factor profile and the beam deposition pro­
fi le and the effect of minor radius com­
pression on the equilibrium are analyzed. 

fundamental Time Scales for Flux Con­
serving Tokamak Heating and Certain 
Global FCT Equilibrium Properties''-

0. J. Signar 

Because the existence of hiqh beta, 
flux-conserving equilibria has been estab­
lished, i t becomes important to analyze the 
r — '— 
University of Michigan 



64 

V * 

accessibility of these equilibria via aux­
iliary heating, to discuss the resistive 
decay oT the safety i<*ctor profile, and to 
extend the virial theory to noncircular 
plasma cross sections. 

Hot-Ion Distribution Function in OHHAK. 
the Oak Ridge Tokamafc"» 

R. V. Keidigh D. J . Sigmar 

A distortion of the Maxwellian ion-
energy distribution function in tokamafc-
produced plasaas nay be revealed in the 
spectral line radiation. We report experi­
mental evidence that (1> * change in the 
value of Z f « (2) delayed gas injection, 

J 3 ) neutr»3>eam Injection, arid \i) liner-
cleaning procedures can alter the profile of 
the Balner-s (6563 A) line of hydrogen. The 
distortion is analyzed in- terns-of an effec­
tive toroidal-drift velocity, fon-temperature 
relation. 

Comwents on the Effects of Gas Injection 
Upon Radial Particle Fluxes in the IGX-A 
Flow Reversal Experiment1^ i;' " 

W. H. Stacey, Jr. 0. .J, S1gj»r 

A recently formulated theory^about the " 
effects of sources upon particle transport in 
the collisional regime is applied to estimate 
the magnitude of effects that would be 
expected in the ISXrA flow reversal experi­
ment. 

The Response of a Tokamafc Plasma 
to Particle and Momentum Sources'*1 

H. H. Stacey, Jr. D. J. Sigwar 

The response of an ax1symmetric toroidal 
tokamak plasma to first order particle and 
momentum sources is investigated. The 
momentum sources drive coupled poloidal and 
toroida] mass flows and electrostatic field 

evolution that relax to asymptotic values zn 
a Use scale that is Characteristic a£,tlrs 
dominant viscous or external 3rsg necfcants*. 
Th« asymptotic steady-state MmentiK balance 
provides the -vcessary condteiori £# ««~ . ^ 
pleteiy determine Use particle fluxes-.and t - r

 r ~ 
currents in'-the f$ux surfaces-**, hencfc, ta - ' 
deie '*inevtraiKport fjttxes across /Hex sur- -
feces. , Transport ftyaces a*e drfVeR acr& ŝ. y' .-* 
flux. Surfaces botft by int^rspecies-^ctflETislona; 
mcme»tjm expunge,- the-isswl sase, ajwl'fcy-
monentum ̂ icharige between fee pls«o5--4nov</ 
external sounds: and/or jdir f̂s. 4 getfe«tlvied - _ ', 
0%'s law is..o^ine4 a«i «sedXo fefsr^ine ,y~ ". • 
the manner ig. whicjs par£cJ%*R4j mow t̂SBt̂ " ~. . ^ ' ^ -
sources ca3^i«V-p^)^el%gmi^Ia^Rd-c^f zY' yP-

- ; / 

alter the ewlut i^:ot ^ ^ r a p r i . Jf& 
theory is formulated for^fira£v^plasW 
cross sessions*"beta, ane^oTTiVfen r?g|pies,' 

W 

Corflisionality Dependence of tftePfirlch-
Schluter Contribution t; Heoclassical 
Effusion'*'* 

S, P. Hirsrman E". C. Crune, Jr. 

.. The contribution to the neoclassical 
transport coefficients in an axisyumett ic 
toroidal plasma that arises fro* the poloidal 
variation of the parallel friction forces 1* 
investigated in the transition between plateau 
and Pfirseh-Schl&ter (PS) regimes. A 
coupled system of kinetic equations for the 
x = 0. 1 velocity harmonics of the distribu­
tion function is obtained. This system is 
solved using a generalized moment expansion 
whose closure is based on a mini-max vari­
ational procedure. Although the PS diffu­
sion coefficients scale as aq 2D £ in all 
collision frequency regimes, the magnitude of 
the numerical coefficient a undergoes a 
transition from a collisionless value** to a 
collisional value1'* when v v, - u|, I.e., 
e 3 / 2v* - (vj/vg) 1' 2 > i (here, v $ and v^ are 
the momentum and energy exchange collision 

Experimental Confinement Section 
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frequencies)! !r. contrast to previous treat-
nents utilizing a maximal variational prin­
ciple"^ or a model collision operator,*7 the 
fluxes '-wsputed (sere ire asymptotically equal 
to the e*act collisional values.1*6 The 
extrcar; principle*5 is found to overestimate 
the PS contribution. Comparing the total 
neoclassical flux (PS and anisotrqpy-driven 
portionsy with Ref. 47, i t is found that the. 
eodel operator method amterestinates the PS 
flux. Gur results are fitted to simple 
formulas for numerical application. 

Analytical High Beta Tofcawafc Equilibria'*s 

H. <. »teier 0. J . Signar 

In response to the experimental {e.g. , 
ISX-B) and theoretical need for analytic, 
e < a/R, elongated, tight aspect i Hio 
totomak equilibria, we have investigated 
solutions tc the Grad-Shafranov equation of 
the "inverse form," ft = r.Rn(v) cos ne, 
Z = iZn(^) sin nc-, -jihere * is the poloidal 
flux variable and ft a suitable poloidal angle 
chosen to minimize the number of harmonics 
required. Given a Solov'ev solution <{R,Z), 
i t is passible to derive the inverj/j form 
purely analytically. For more general equi­
libria the Fourier amplitudes Rn and Zn can 
readily be determined numerically. The 
fundamental problem, namely to prescribe 
P 'U) . FF'{«,) and a boundary in order to 
determine the amplitudes Rn and Zn for high 
beta, leads to a highly nonlinear set of 
second order ordinary differential equations 
st i l l under investigation. 

Summary of Collisional Particle fluxes 
I'.i a Tokamak Plasma"9 

S. P. Hirshman 

The neoclassical (long mean free path) 
and generalized PS contributions to the 
particle flux are summarized in a concise 
form readily amenable for comparison with 
experimental data. 

3.3.3 Energetic Particle Orbits and Neutral 
SeanJLlUS?y?? 

Influenced by our experimental program, 
the theoretical w d computational needs for 
the description of injected ions and/or alpha 
particles are strongly increasing. Me have 
advanced the pure theory via extensions of 
the higher order guiding center theory and 
the creation of a suitable eotistants-of-
motion (COM) phase space and orbit descrip­
tion. Numerically, a Monte Carlo bearer 
deposition code for arbitrary equilibria and 
a ripple bundle divertor code were brought on 
line; these are described in more detail as 

4 follows. 

Effects of ripple coils on fast ions 

J. A. Rome J. F. Lyon 
R. H. Fowler 

ISX-B will have two sources of strong 
external magnetic field ripple due to the 
bundle divertor coils and the ripple injector 
coiis. The two bundle divertor coils are 
centered on the equatorial plane, and the two 
ripple injector coils are under the vacuum 
chamber. However, the two coil sets are 
similar in that each produces a large minimum 
in |B| flanked on either side (toroidally) by 
a sharp maximum. 

An undesirable effect of these coils is 
the loss of certain fast particles. This can 
be seen by the following argument. Because 
the ripple is localized, an ion orbit is the 
same as it is without the ripple; that is, 
the magnetic moment u, energy e, and toroidal 
canonical angular momentum ?A are alt con-
served except near the ripple, where P is no 
longer conserved. This change of P is 
especially severe at banana tips, where 
V(| « 0 and P * -fc*. Thus, if the ripple 
causes the banana tips to occur early or 
late, the fluk surface o-< which the tip 
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cccjr; *:11 cisn^e ana ?_ will change. This 
argurfrnt can be extended to sho. that the 
ciar^e of tne -;axi~ur: vt lue of •, along the 
orbit is giver. t>y 

* V(.\8) : /" . 
:k«x 

Although this is a crude estinate, it 
agrees quite well with the behavior of cal­
culated guiding center orbits if -.B is not 
too large. Thus, orbits whose banana tips 
occur near the ripple can walk Out of the 
machine, and there is, in effect, a new 
ripple-generated loss region. This loss 
"region occurs when i.(Vpl/V at i = v ) is 
pos.tive ( -0.2 for the divertor coils) in the 
COM (v, .-,, v_. ) stace.'c This is unfortunate ma)', 
because the oroin^ry banana loss region-1 

occurs when • is negative and is usually 
inacctss ole ."or coirjected particles. 

Accordingly, we estimated tne loss of 
coinjected ions in ISX-8 to the bundle 
<Jiverr_or loss region by using the Fokker-
Planck equation which included the effects of 
slowing dewn, pitch angle scattering, and 
charge exchange. To simplify the analysis we 

imed that the loss region occurred at 
-, = 0. Figure 3.7 shows the integrated loss 
from the injection velocity downward for H° 
injected into a 0 plasma in ISX-B with 
parameters cf T =1.5 keV, Z f- = 2, and 
: /t = 0.6. About 35 of the fast ion s' ex 
energy is lost to the ripple loss region. 
This amount will be significant but tolerable. 
If D- is injected into H , the loss is reduced 
to 26«. because tte pitch angle scattering 
parameter is proportional to m^/m.. 

To see if bundle divertors are viable in 
a reactor due to possible ripple-induced 
alpha particle losses, we performed similar 
calculations for a prototypical reactor. 
Because the alpha particles primarily slow 
down without pitch angle scattering, the 
worst effect of the ripple is to cause those 
alpha particles born in the loss region to be 
lost. This effect amounts to 20-30; of the 
alpha energy. 
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Fig. 3.7. Integrated energy loss. Param­
eters are: T (keV) = 1.50. Z e f f = 2.00, 
V v . x = 0-5o! %eam - 1-00, m i 0 f ) - 2.00, and 
v = 0.60. 

Fokker-Planck calculations for energetic 
ions 

L. M. Hively J. A. Rome 

Fast ions have large banana-width guiding 
center orbits in noncircuiar tokamaks, causing 
the usual locally defined distribution func­
tions to lose much of their usefulness. 
Accordingly, we are formulating the fast ion 
slowing-down problem in tlie 3-D COM space 
that characterizes axisymmetric tokamak 
orbits. Finding the fast ion distribution 
function in this space is equivalent to 
knowing all the bounce-averaged quantities 
for every particle in the machine. 

In particular, we treat the alpha 
particle slowing-down problem by at f irst 
ignoring pitch-angle scattering and speed 
diffusion. This reduces the drift-kinetic 
equation to a first order, 3-D partial dif­
ferential equation. Using multiple time 
scale analysis, bounce integrals average only 
the coefficients of the differential operators, 
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and only particle flows on the slowir.g-down 
time ^cale remain. In contrast, bounce 
averages of the collision operator in local 
coordinates yield a 3-0 irtegrodifferenrial 
equation that is intractable. 

The slowing-down code at present deter­
mines the flux-surfacc-averaged alpha particle 
source rate n {%,] and the rate of increase of 
the net alpha current I {.). This net current 
arises because sowe alpha birth orbits inter­
sect the wall. We find the resulting alpha 
heating is peaked on axis but is somewhat 
lower and broader than the alpha birth dis­
tribution due to the large, banana-width 
orbits and losses to the wall. In a e = O.tK 
plasma, the total alpha current increase is 
-5i of the plasma current in one slowing-down 
time. The effect of this current could be 
important in prolonged discharges because the 
associated momentum is continuously delivered 
to the plasma. 

Extensions oĴ _Guidi]ig__Cenjter Mqtjon 

# T. G. Northrop J. A. Rome 

In a static magnetic field, some well-
known guiding center equations maintain their 
form when extended to next order in gyro-
radius. In these cases it is only necessary 
to include the next order term in the magnetic 
moment series. The differential equation for 
guiding center motion that describes both the 
parallel and perpendicular velocities correctly 
through first order in gyroradius is given. 
The question of how to define the guiding 
center position through second order arises 
»r ' is discussed, and second order drifts are 
derived for one usual definition. The toroidal 
canonical angular momentum P. of the guiding 
center in an axisyninetric field ir- shown to 
be conserved using the guiding center velocity 
correct through first order. When second 
order motion is included, P is no longer a 
constant. The above extensions of guiding 

* Goddard Space Flight Centor 

center theory help to resolve the different 
ttAa^a* orb.ts obtained either by Uiing the 
guiding center equations of ••notion or by 
u'-ing conservation of P.. 

fj?A?HL- Weutral Seare Technology': 

J. A. Rome U. A. Houlberg 
Y-K. M. Penq 

We strongly disagree with the statement 
by William D. Hetz'' that "it is generally 
acknowledged that the neutral beam technology 
used at Princeton (based on positive ions) 
cannot be extrapolated to a reactor-level 
plasma because the already modest efficiency 
plummets when the beam energy is raised." In 
fact, we believe it is likely that very high 
energy beass will not be needed for tokanak 
reactors. Early assessments'- of neutral 
beam energy requirements indeed led to Metz's 
conclusion. However, these were typically made 
for circular, cross-section plasrr.a', with 
neutral beams injected tangent to the inside 
edge of the plasma and with some combination 
of large plasma size, high density, or both. 
Conservative assumptions were also made about 
the required depth of penetration for the 
neutral beams. The resulting rules of thumb 
for injection requirements are not bor.ie out 
in current conceptual designs for tokamak 
plasmas heated to ignition. 

Because of increased understanding of 
tokamak plasmas, recent reassessments of bean' 
energy requirements have led to a relaxation 
of some of the conservative assumptions. 
Smaller, elongated plasmas with nearly per­
pendicular injection will provide for a large 
decrease in beam energy requirements. These 
energy requirements are further reduced by 
low plasma density (n) during the injection 
heating phase (n - 10:'* ions per cubic centi­
meter), outward shift of the magnetic axis as 
the plasma pressure increases, Heating of the 
core of the plasma by alpha particle; pro­
duced in fusion reactions, and the possibility 
of expanding the plasma radius during the 
approach to ignition. 
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These considerations have been incorpo­
rated into new assessments5' of the required 
neutral bean energies for a noncircular 
to ĵmak reactor plasma with a minor radius of 
1.25 ra. Bean energies in the range of 100 to 
150 keV (deuterium) o-e calculated to provide 
adequate penetration for heating to ignition. 
Lowering the beam energy requires increasing 
ower input to the plasma, but the higher 

neutralization efficiency of lower energy 
positive ion beams leads to roughly constant 
power supply requirements over the range of 
energies considered (100 to 150 keV deuterium). 
Direct conversion of the unneutralized pos­
itive ion beams has already been demonstrated57 

and, when perfected, will make neutral beams 
based on positive ion sources an efficient 
heating mechanism. 

If the presently estimated sizes for 
conceptual reactor plasmas prove to be correct, 
positive ion deuterium beams below 200 keV 
can be efficiently used to heat tokamaks to 
ignition, at least through the first demon­
stration reactor. The PLT results have 
certainly helped increase our confidence both 
in neutral beam heating and in scaling to 
reactor plasmas. 

The Topology of Tokaaiafc Orbits5* 

J . A. Rome Y-K. M. Peng 

The topology of all contained tokamak 
guiding center orbits is displayed in a 3-0 
COM space. The treatment is perfectly general 
and holds for arbitrary axisymmetric MHD 
equilibria. We show that significant topo­
logical changes occur in the high beta (;6l) 
cases that are associated with a region of 
absolute minimum 8 J.n the plasma. 

The Topology of Tokamak Orbits 5 0 

J. A. Rome Y-K. M. Peng 

Guiding center orbits in noncircular 
axisymmetric tokamak plasmas are studied in 
the COM space of (v, r,, * m ) . Here, v is the 

particle speed, '. is the pitchangle with 
respect to the parallel equilibrium current 
J„ , and -.• is the maximum value of the 
poloidal flux function (increasing from the 
magnetic axis) along the guiding center 
orbit. Two D-shaped equilibria In a flux-
conserving tokamak having betas of i.3V and 
7.7% are used as examples. In this space 
each confined orbit corresponds to one and 
only one point, and different types of orbits 
(e.g., circulating, trappeu, stagnation, and 
pinch orbits) are represented by separate 
regions or surfaces in the space. It is also 
shown that the existence of an absolute 
minimum B in the higher beta (7.72) equi­
librium results in a dramatically different 
orbit topology from that of the lower beta 
case. The difference*. Indicate the confine­
ment of additi ial M g h energy (v » c, within 
the guiding center approximation) trapped, 
cocirculating, and countercfrculating par­
ticles whose orbit * falls within the 
absolute B well. 

The Topology of Large Banana-Width 
Tokamak Orbits^ 

J. A. Rome Y-K. M. Peng 

To properly understand nntral injection 
or alpha particle heating ir. l.ir.-e banana-
width systems, a detailed knowledge of guiding 
center orbits is required. Previous treat­
ments of such orbit-related topics as beam 
deposition, loss regions, and wall loading 
have relieo on large amounts of computational 
effort to account for the possible orbits, 
birth points in the plasma, pitch angles, and 
energies of interest. These approaches 
become increasingly more difficult when high 
b3ta, noncircular plasmas are involved. 
These problems can be systematically treated 
by proper categorization and description of 
thfc orbits. 

In an axisymmetric \okamak, each guiding 
center orbit is completely described by a 
point In a 3-D COM space. In particular, we 

file:///okamak


69 

choose the speed (v), the maximum value of 
poloidal flux along the orbit (*_). and the 
value of v ?/v at i>B(;)- The various types of 
orbits (banana, circulating, stagnation, 
etc.) can be depicted by different regions 
and surfaces in this space. In this space 
each orbit is represented only once, and the 
loss regions are easily and fully represented. 
Bean deposition and the complete fast ion " 
Siowing-dOMi problem May be wrzz easily done 
in the COM space. 

Some preliminary resilts of this detailed 
analysis are as follows: il) for high enough 
energies, no particles are trapped, (2) 
particles with pitch angles of 90° are barely 
trapped, (3) particles can go fro* being "co* 
to being "counter" only by scattering throng I 
the orbit on which the points of the banana 
meet, and (4) all topological properties of 
the orbits depend only upon B($), F{<i), and 
their « derivatives on the equatorial plane. 

The Hole of Beam Induced Currents 
in High-e-f Experiments60 

J. F. Lyon J. A. Rome -
J. T. Hogan 

The high power injection experiments 
planned for the Poloidal Divertor Experiment 
(POX) and ISX-B may have strikingly different 
outcomes. While injection into POX is planned 
to be predominantly perpendicular and balanced 
in direction, the ISX-B beams are parallel 
and unidirectional. Thus, with the beam 
currents in ISX-B (̂ 40 A), beam-induced cur­
rents comparable with the plasma current 
(i-200 kA) may be produced in contrast with 
PDX, where such currents should be minimal. 
Transport calculations predict such currents 
for ISX-B with Te(0) «. 2-3 fceV, n g -v. 2 x 1 0 n 

cm"3, and Z - f ^ 3. MKD/transport calcula­
tions further show that these currents have a 
strong effect on the stability criteria both 
for ballooning modes and for nonlinearly 
saturated resistive tearing modes. In a 
typical 1.8-MW ISX-B case, beam-induced 

currents are responsible for a change of 
safety factor ratio «»b W i B 4 i r/Sxis f t m 3 "^ X ^ 
to 3.0 (for coinjection) and from 3.6 to 4.3 

~ffor coaaterinjection)/: This shear variation 
in noncircvlar Mgli ^ 
enhanced with M< 
and .mpwri ty injection 

^22^^EjE522j£^L-J!L' ii&*-

pretation of 
iton-Circular T< tiifor&idal 
Field Ripple** 

£3ey&--
J . A. JfenWSi-ssyJ t̂t-" 

At energies s'l^fi^ln^^^oye the : 

thermal eneroy of the.pXa^i*^Ons have Jarge 
banana widths end may sample {he plasma 
density and temperature on many different 
flux surfaces. To determine the localization 
of the measarements of the ion temperature 
and injected ion distribution function, a 
computer code follows the fast ions backwards 
in time from the point of charge exchange. 
For fast neutrals with velocity vectors in 
-the equatorial plane, the ion orbits studied, 
a w more localized as the analyzer is moved -
closer to a direction perpendicular to B\ 
However, ripple due to the toroidal field 
coils causes trapping of the fast ions if the 
viewing angle is closer than 7° to the per­
pendicular in ISX. These calculations become 
even more important for analysis of ripple 
injection experiments. 

FIFPC - A Fast Ion Forcer-Planck Code6* 

R. H. Fowler J. Smith 
J. A. Rome 

The distribution function of fast Ions 
resulting from neutral beam injection into a 
tokamak plasma is calculated. The Fast Ion 
Fokker-Planck Code (FIFPC) also computes the 
momentum and power delivered to the electrons 
and ions in the background plasma, the power 
lost through charge exchange, the particle 

^v J%&£-



V 

^iSrl T t N ' M j ' W , ir, *t»*W j t r t l t ' C - - '-/ 

interr- , i 
r 

C ic 'of Tier-t r c l a r !o*a««,n PfasiM^ 

,„r*;»ces are constructed fey in tegra t ion f ' l = 

f * f i e l i Sine equations. Tne . lu^cr ica ' 

•er i rKi i ies are described,'"awt use of . te code 

s ou t l i ned . TvproSras : l i s t ing Is proV'.jec, 

i-td tfte resul ts dt-sas?T»» cases are presented. 

r^>* j t . ^OP-< 

^ 
.c 

v: 

~y— t 

A -qfi'put*'! -o<Jc i-c d^scriM^'J thar .Mlct.-

l*tes. ttv T i t i a f o r ' "ion rt£po:»iT,ion for 

,Jr fu- 'at^**** ' i i i jw.tJO' in to ronc i rcu lar 

" V«MnaK pjavia.. fh? bean iiefK)c U lor , is 

'.tj'j.ijlaUriJ' t> Mcrie C*r 'o tec imque^ as a 

"jjjr. u o r at' the poio'.iMl *\tii funct ion .. 

'?r<o c1ax,*"<ari.,t>OT and Tjlssasv. rarasvters are 

^ n t a i n e * frorr the n i w r f c a l s - ^ . ' i o n -ot the 

^ i s v m w t r i ' - Mhb p^mlib/ium-Aquatiurt 

Su«iK£ aver-vgei-**?1 oe-f-oned over th f 

> i m t i a ' iou or*,;tsv and *.hn depcSitiwa - s 

w i c k e d by the fract ion- sf timp the 'on 
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dwercjinc--, f o t - v n g , and -nape o f the neutral 

bea- a»e Ticicled t>c bes"- georvHry par* ot 

" t h i s p r o h W wai solved by 6 1 . l i s t e r , 

„ D. t Post, and fi Goldston of the Princeton 

Plasms Pnystcs tab&rdtorv IR. 3 code ra ' -ed 

' f lE' iA. The code described rtere is a a iod i f i -

cat>on of fREffc. u»u)<»riy>ns of **••# beam 

"deposi t ions calculated wi th f>oun<_e «;eragirq 

I r e made wi th the ion b i r t h depositions for 

" the J*DX and ISX-& tofc >;•*»*». 

TLOC - n » l d L n e and 0 'U t_Co ' , j i tor t i e 

5tudy of Ripple sean In ject ion ._nn 

Tokamaki.' ' 

R. H. Fowler D. K. Lee 

P. W. Gaffney 

The computer code described is used to 

5tudy r i pp le beam in jec t ion in to a tokratnak -

plasma. The coP 's ion less guidinej center" 

equations o f motion ire integrated to f i nd 

the o r b i t s of s ing le par t ic les in r e a l i s t i c 

magnetic f i e l d s for r ipp le i n j e c t i o n . In 

order to determine i f the r i pp le is d e t r i ­

mental to the plasma, thf- magnetic f l ux 

3.3.4 Ntwt-rical--SinrjTatioruof .Xo-Ri signal 
Transport and D r i f t Waves 

C.-G, fieavley 
•}. Oenavit 
3 , E. McCr'he 

•a. K. Jteier 

" K. E. ftcthe 

M. I. van R f j - ' 

Dsryi" the CPK,'^5 studies af la*, frequency 

universal vnstab iV i t ies ^iere doine. Hcnewer, 

a ras.c shortijpsr.ing of the model j ,'.9» i . e . , 

the i n a b i l i t y o f trie Laguerre spherfcal 

neirmonic reprfrseivtation to p»-iperty-is<.j«rl *•'*.." 

tanda<< resonance ; r . c e l e r i t y «>ac - H w i t r i : t : -

*re studies t " ( 0 s tab le modes, (2 ; -!* ist?olf" 

roots in which br th electrons and ions were 

r l u i d - l i k e , ar,d (~i* very niqh growtf' »~ate •-

' • r i ^ t mocks'. In t^e l as t . cas^ , a f i r . i i e 

Larnr.'- r a i l i u ^ (P-f 1) CO' re > t i iW! *;«s tddes. In 

tt>e vJursV.of thiese s tud ies , a n ^ ^ r . c a f • --"' 

check of the formasaiion of qt ias i - r iCJtra l i ty 

developed i?lsewhereC : w'a-s done, - " 

Thf; handicap of (jot bt .able to include 

1 Andju (jampirtg properly led t.& a new computer 

p^del -•_ Tfit'•'{time t vo fu t i on of Orlft- In^ ta-

t n l i ' i e s ) . . Codes usirrt; th is mo<iel fo r study-

i r i the l inear rad ia l time evolut ion of d r i f t 

de^ -are cur re i i t l y beirf} developed. 

Simulation of Stable E lec t ros ta t ic . Pry f t 

Wc Mie a nonlinear d r i f t k inet ic equation, 

for 3 s t ra igh t c y l i n d r i c a l pla$c«i without 

c o l l i s i o n s , .•_ 

_ ^ . + V ( ! . „ . + V E , v f s 

eZ^ •r. E* x tf 
+ i 1 , ^ = 0 v. u.n 
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and the statement of m ids i -neut ra i i t y derived 
ear H e r , - -

"pz- -- I S K V V ^ S ( 3 . 2 ! 

^ j i T t M S r ^ B ^ i F l i c t r b s t a t i c approximatfor 

- 0 i V = ; - 5 % - < :..::•• : • - • • - - - (3.3) 

'.V,it$=55fid J.se so lu t ion of a s table d r i f t save, 

- J j S t ^ ^ w a s f o i l e w a numerically using the 

^ : £ $ £ = code DKF.S. The pla3?a equ.il i&rvan 

f ^ S p was. ;_^" • • " . . . . ' . - • • - - ' 

''•'"% : ' ' -"" '•"--'•••[ ! * " ; - z v c ( P } p l 

M) 
' • 2 T 0 ( r ) r 

[3.41 

J The i r r f t i a i d i s t r i b u t i o n funct ion perturbat ion 

' Wa> taken;"as the fundamental mode so lu t ion 

- of t hed ispe rs ion re la t i on resu l t ing from 

l i n f a i r i z i r g Eq. (3.1} for ions and e lec t rons. 

Parameters used were: 

-£.. , 1.00 -Jr_„ = 0.213 
k„ I! e 

V'WeAM 
x 10-

The i n i t i a l per turbat ion is proport ional to 

• : and. because i t is an exact eigenmode of a 

d r i f t wave, would not exh ib i t ttie high f r e ­

quency e f f ec t i ve plasma o s c i l l a t i o n . However, 

the- f i r s t harmonic U - 2) does natura l ly 

appear w i th th i s plasma o s c i l l a t i o n i f one 

used Poisson's equation to calculate the 

e l ec t r i c f i e l d [see F ig . 3 .8 (b ) ] . 

r By adding a 1CT. admixture of plasma 

o s c i l l a t i o n to the fundamental [see F i e 

3 .8 (a j ] and then using the quasi-neutrai 

formalism, we are able to reproduce cor rec t l y 

the low frequency par 's o f the spectrum whi le 

f i l t e r i n g the modif ied plasma osc i l l a t i ons in 

both the fundamental [ F i g . 3 .8 (c ) ] and the 

f i r s t hanronic [ F i g . 3 .8 (d ) ] . 

'">«'?»B.' ; . . . - J i . . . : „ . . ; . . . ..... —.. 
(2 3 245 36 8 48« * 0 <2 5 246 36 8 4 8 ' * 

' W ' 
T l W t . ' « ! *« ' TIME, f„,„(»»': 

Fig. 3.8. Electric field ('.• component) 
of a stable drift wave and its first harmonic 
as calculated by the CPM code DKES using 
Poisson's equation and quasi-neutrality. 

P v pe 

.& = .__ x i0-'> J- = a 

r = T. -- 1 keV 
X I 

a-- s.r. N„ * -0.08 cm' 1 

dr o srv° 

These cal<-"!;!. ions shuw that (1) the CPM 

is able to co r rec t l y model a local stable 

d r i f t wavi and (2) the quasi-neutral fo r ­

malism'- does cor rec t l y parmit. the ca lcu la t ion 

of lo"; frequency behavior independent of the 

presence of a mgh frequency plasma o s c i l l a ­

t i o n . 

o ni/de ,'vinjj the CfH 

f i ,7>l * 1 0 ' ^ w n f t , ' < J - " | . » / r * ) "•• *',.'"• 

For- e i ther ins tab le or damped modes, 

d i f f i c u l t y in properly reprft&eistlnn. the 

http://equ.il


Landau resonance by the CPM restricted studies 
to either very high growth rate nodes (where 
the resonances ire broadened) or to cases in 
which the resonances occurred on the tail of 
the distribution (i.e., tne species was 
"co'd"). This latter case corresponds to a 
tudy of the local behavior of a. drift mode 

very close to a mode rational surface. This 
is seen in Fig. 3.9, where we show the Vocal 
(k r -- 0) solution to a drift mode at fixed 

•density with shear in the vicinity of a 
kg = 0 surface. (The case shown has k . .= t 0, 
but the behavior is the same for the 0 Larmor 
radius case.) Although « •. u, for the case 
shown, which has a density gradient but no 
. temperature gradient, we can also find cases 
in which _ • _t when we have both a tempera­
ture gradient and an electron current. It is 
such a case that we study. 

The drift kinetic equation is identicjl 
to Eq. (3.1) in the previous section. The 

ORNL-OW. 79 2«43 fEO 

Fig. 3.9. Frequency, growth r<ste, and 
phase velocity of a local d r i f t mode near :. 
mode rational surface. 

parametprs are as fo l lows: 

1 V. 
- e = - - _ , ID' - ' * 0 r 

•e ^ 2 xi 

T e - T. = 1 keV 

d . n H d -n T 
c . . . „ J U - _ _ ! » . - . 0 . 5 2 9 9 cm': 

B = 20 kG N = 10' ; c m " 
O 0 

r5k = 10"3-
The fundamental i s an unstable pode wi th low 
growth rate- the harmonics have higher growth 
rates: 

- / k ; : ' e - / - - / : p e '''r 

Fundamental 4.46 3.16 0.606 0.033 
1st harmonic 2.54 1.80 0.688 0.580 
2nd harmonic 187 1.31 0.759 0.673 
3rd harmonic 1.51 1.07 0.819 0.682 

As seen *rom ••/- 1. Poisson's equa­
tion must be used to determine : rather than 
assuming quasi-neutrality. 

In the time evolution of the fundamental 
and first two harmonics shown in Fig. 3.10, 
the frequencies and growth rates are very 
close to prediction. Ihe harmonics are 
aonlinearly excited, and the first harmonic 
eventually grows to dominate the electric 
field. 

Due to a combination of (1) the diffi­
culty 1n representing the Landau resonance 
and (2) a gross distortion of the distribution 
from a Maxwellian resulting from the lack of 
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Fig. 3.10. The Fourier components of 
for an unstable drift mode. 

a damping mechanism, the results well into 
the nonlinear regime are of limited value. 
However, we show a comparison of the electric 
distribution function at t = 0 {with the pure 
perturbation in the fundamental) and at onset 
of nonlinearity of the fundamental mode and 
its harmonics in Fig. 3.11. Figures 3.11(a) 
and 3.11(d) represent the u - 0 (-.patfally 
homogeneous) f , showing in 3.11(a) the 
streaming electrons at t - 0, and in 3.11(d) 
the change in that distribution dje to non­
linear effects. Similarly, 3.1 I ' D ) , (c), 
(e), and (f) show these perturhations for the 
ii • 1 component at o = 0 aw* o » 180° at the 
two imes. Finally, 3.11(j), (h), and (i) 
show 'he M = 2 and \. = 3 components at the 
final time (at t - 0 these were 0). Note the 
scale factors at t = 3.8 x 10"'; sec; the 
first harmonic is the largest mode, but still 
e*/T <. 21. 

In summary, >•«; haw demonstrated that 
the CPM can calculate a nc.ilinear dci't 
kinetic time evolution of a set of unstable 

«aves locdHy, provided landau damping is not 
too iV"portant. The limitations of lack of 
finite Larroor radius are dealt with elsewhere, 
but limitations to a local treatment and 
avoidance of cases with strong Landau damping 
present major obstacles to practical use of 
the CPM in studying interesting instabilities. 

Inclusion of finite Larmor radius effects 
in the CPU 

We note here a formalism that permits 
the addition of finite Larmor radius (FLR) 
effects to the CPU without a rewriting of the 
code to include a complete gyrokinetic equa­
tion. However, these FLR effects are presently 
only in the linear sense. 

He begin by noting the similarity between 
the nonadiabatic part of the linear drift 
kinettc distribution function perturbation. 

"DK "1 (.^vJV (3.5) 

and the corresponding part of the distribution 
function, which is a solution of the Vlasov 
equation. 

m,n="» ' x ' 

• ^ . - ' " - " " , o • « ' • « II II 

If we take the low frequency (u < u) 
limit of Eq. (3.6) and average over gyro-
angle '.-., 

r 
., / k v A ... + u. 

and if we make the ansatz that the FLR cor­
rection to Y>QU from Eq. (3.5) may be written 

h' - h D K e- b I 0 (b) , (3.8) 
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Fig. 3.11. Perturbation of ffvj, v, ) from a Maxwellian at t - 0 and onset of nonlinajrity. 

where the same ansatz [Eq. (3.8)] is not valid for 
calculating Ji , the perpendicular current. 

Using Eq. (3.8), we may then write the 
drift kinetic distribution function with FLR 
effects 

then we note that 

/ . ' 
v dVj hi' a /"" v| dv n 

•'o 
13.9) 

7-,(r + f i f o ) c - b I 0 ( b ) - f i f o (3.10) 

and 

or that we obtain the same density and 
parallel current perturbations using Eq, (3.ft) 
as we do from Eq, (3.7). It was noted that 

.>(' sf . ef„ . H 

(3.!1) 
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:r: fo l low the d r i f t k ine t ic d i s t r i ­

b u t e ir. t i r * , inc luding l inear FIR ef fects 

f r o r i knowledge of b and k- = k : • k_: and 

the d r i f t k ine t i c f . 

Tm's r:odel was checked numerically by 

UiWcMirxn. tne t i r .e evolut ion of a high growth 

ra ts d r i f t r*ode- with the fo l lowing parameters: 

0.63 

1 keV 

0.316 

0.1 keV 

B = b l . 7 G b = 0.05 
o 

k--ite = ° - 1 H 6 6 

d -n f, 
_ 0 

"dr -0.024 

0.01?5 

= 0.75 

In F ig . 3.1?, we factor out the l inear growth 

r a t e ; in th is case a pure o s c i l l a t i o n v.hould 

ensue. Although not readi ly apparent, s w l l 

discrepancies e x i s t ; these way be a t t r i bu ted 

to d i f f i c u l t i e s of the CPK representation ir. 

handling the landau resonance. 

In surwary, we have shown that wt c«»n 

include Wwnf rLR ef fect ' ' i r the nonltnear 

CPM. 

We hav« bsgun wot k on a new model to 

',twdy tfrift i n s M b i i i t i c s , including thei r 

-\ A AA / 
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f i g . 2.12. Tine evolut ion ot a l inear 

node sc j led by e ' . 

radia l eiqenmode s t ructure in sheared magnetic 

f i e l d s . Eventual 1>* the code -jhould be able 

to provide a time evolut ion p ic tu re of a 

nonl inear, f i n i t e bet.i d r i f t mode in a 

toro idal system i ' i . e . , inc luding trapped 

par t i c le e f f e c t s ) . However, our f i r s t calcu­

la t ion w i l l be simpler. using slab geometry 

and fol lowing the l inear t ine evolut ion of a 

low beta plasma ( i . e . , re ta in ing the e lec t ro ­

s ta t i c approximation). We solve the appn)-

pr ia te d r i f t or gyrok inet ic equation on a 

g r i d in ve loc i ty space. The appropr i - ju 

v - in teqra ! ( to obta in the densi ty or current) 

then t r i v i a l l y y i t l d s the correct IcTodou 

damping. Thvs hsj;, already been v e r i f i e d iri 

an ea r l i e r ca l cu la t i on . 

fj.udies of -fioMoM.} d r i f t *MCI dr» not 

«ew. Hoover , i i ; -.tudie'S to date-, no s i ^ l a -

Hor, of the d i s t r i b u t i o n f iav t io r r has been 

attempted; normally -uf\ eigenvalue problem is 

posed, w i th ve-locity ' integrals having been 

done ana ly t i ca l l y . >i•>ing a d i s t r i b u t i o n 

function permits the ana l y t i ca l l y d i f f i c u l , . 

tiappir.-j problems to he handled t r i v i a l l y . 

U. also permits a maxima amount of informa­

t i o n with a minimum number of approximattorvs. 

Hence, th is work may be labeled a s imulat ion 

e f f o r t r-jther than a numerital so lu t i on to an 

ana ly t i ca l l y pos<>d problem. 

There are two options wi th mwr. to 

t reat ing t»v? 1'.near problem, Qhe a b r o a c h , 

the eigenvalue approach, w f l l oo used by 



jenavi t ar,d ! r_>\tai at \<'r'^—f.:<-'i% „-.!•'.' 

S^OOtir, ; miles J i ' n ' l owJ Jt .!-SL J- •! " ,».V 

availaM*- tr. a :. oojf r a t i ve ••*%•'••. *r--

second, a tint- evi.-'-ti.w ; r . M . - r , ;-, ?>-,• ,.».,. 

pursued at u$Nl . Tie t c r r v r « ; " ' , r-c*aM> re 

uuickor and w t l ! te j .e?- . ' i r lar.ft- r a r j - . W ' 

scans r.f the proper'«e\ o» t i e t i r v a v ^ i t . - t i c 

s ta te . On tne otner hand, t i e M-corM '"<et*-.o<1 

is useful in providing •nforr.ar io" of the 

t ine evolut ion an.* rad ia l propagation prop­

er t ies of the un-.tabl? d r i f t waves and assures 

one as well that the iwxiims.i growing node 

w i l l always tie found. 

The i n i t i a l -oJel ts based on the 

v ; - i f i tegra l of Catto 's l inear gyroMnetic 

equation' " for the nonadiabatic part of the 

d i s t r i bu t i on funct ion for ions. 

K) 
* i ' ' * • - * i ' , , ) ! ; ( x > t i 

: , . '.: . ' i ; a'-'J :':;. ; ' i . f -4! •--«•?•- « . .--re ~.i« 

. - : t J ! i n ar,:~: n wr.ic^ " 4 i te C---M» lee- v.-

,..j , i-n->-jt.rat - !.> , for « 5ar;>- er-,...:*. J?" 

''osssaf.'S e-UudtlOr ; V fc_ - ->.K 

Proper fco.jp-dary condit ions oast t? 

int. iaind in ordvr to s>rev*ni n o r ^ y s i c a t C~6 

e f fec t pher.onena su:h as r e f l e c t i o n . Because 

we are concerned « t t h nodes' in the reaion of 

a «icde ra t iona l surface (where k - OJ. we 

nay i.ipose syt^etry com!it ions at th i s 'po in t 

(x - O'j. fo r large x we r.a*e a choice of 

nethtds of applying boundary condi t ions. 

These are current ly being t e s t e d 

In jurasary, we nave developed a rwjdel 

for studying the time evolution, ef nonlocal 

d r i f t waves. The mode'i i s extendable i n a 

stra ight forward manner to include to ro ida l 

t rapping, f i n i t e Deta, ana nonlinear e f fec ts -

We Are cur rent ly tes t ing the ."Oiiel. 

Electron J ra j i spo ' tCce /^ i c jen ts l i s j n j 

the CfW ''• 

Ze?" 
f> • t) 

van R i j E. C. Crure, J r . 
. ::. F. Rothe 

M l - b M b - J -' | - ' - - } t (x , t ) , 
( ' • ) I . . . -X 

0 1 

(3.13) 

and on the d r i f t k ine t ic equation for elec­

t rons , 

e r * 
- . - • 1 ¥ l c » g « . i E 

y ' T e 

tf 
St 

- e + i 

H 

• / v < 1 \ 
• r„.,J -1 - - ) v ( x . t ) , (3.14) 

where v * x / l , L $ is the shear length, 

r , « I (b ) , I , « modif ied Bessel f unc t i on , 

b • k a/; . , and a » >/*2T7m. By in tegra t ing 

The potent ia l precision of the DY.iS com­

puter -vrograp that implements the CfM'1- i i 

great enough that DKES resul ts could De useo 

as standards of comparison for analyt ic 

treatments of neoclassical transport problems. 

To gain confidence in such comparisons, DKES 

resu l ts require ca l i b ra t i on against known 

analyt ic resu l t s . We have calculated electron 

pa r t i c l e and heat t ransport coef f ic ien ts in 

an e lect ron- ion plasma over the whol-2 range of 

electron c o l l i s i o n a l i t j «nd cowpared then 

wi th more recent ana ly t i c r e s j l t s 7 0 ' 1 " ' 

than were used in an e a r l i e r comparison. 7 ' 1 

Generally, we f ind agreement to wi th in -10 . 

However, we f ind larger discrepancies when we 

compare OKES-calcalated fluxws with Huxcs 

calculated u;1ng the ana l y t i ca l l y defined 

transport coe f f i c ien ts when those f luxes 

depend on dif ferences between these coef­

f i c i e n t s . 
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: . C. Cr»-«. -> . K. Soler 

ToiaTtak transport ,r&jeJin,j nas seen a 
long-standing rode! 'or ion confinement con­
vincingly affirmed in recent nigh power 
neutral tsea- heating experiments. This 
success, nowever, ree^pnasUes that the 
central problems opposing th* operation of a 
clear., high seta loia^dk for economicaliy 
useful p-*se lengths are that the scaling of 
transport losses in the high pressure regime 
is"yntnow> at present, that plasma-wall 
interaction physics is in ,*. primitive state 

- of understanding, and that even the funda­
mental, predictions of neoclassical theory for 
:he rovesent (an<2 eventual accumulation) of 
impurities are uncertain because of the 
computational complexity of this surtisperies 
problem. 

In order to prepare the way for an 
understanding of high pressure transport 
scaling, an improvement has been sought in 
our models for such lew .pressure phenomena as 
sawtooth instabi l i t ies , saturated resistive 
tearing modes, and relaxation due to non-
monotone current density profi les. With 
cr i ter ia developed by Waddell, Carreras, 
Hicks, and coworkers, we have been- able to 
obtain agreement between transport models and 
basic experimental trends due to these pro­
cesses, so they should not confuse our inter­
pretation of high beta scaling changes. 7' 
Work on incorporating stabi l i ty c r i t e r ia for 
high beta directly Into the 1 1/2-0 transport 
code has been completed (see Sect, 3 .4 .9) . 

Ion confinement has been studied in 
detail in conjunction with ISX-A experimental 
work. The neoclassical model has been shown 
to be valid within a factor of 2 for these 
moderate coll isionaHty experiment*. 7 3 

JSX-A has also provided meaningful tests of 

Group Leader 

••T:-r-.t> rate jnd jrarsoert theory. Coispara-
t:vtf -TideI'ng of the injection of tungsten 
\'-'A ISX-A itii argots into the 7-4 device at 
TN» ».u«-chatcfv Inst i tu te in Moscow has provided 
a vsefui test, of neoclassical irspuri'.y ion 
theory. " "" The (now absent) charge erchanne 
•S&la for hydrogep.-'mpurity interactions a t 
i e * et?*»rgy have fceen shewn to. be c r i t i ca l 
fcc-tn f- detailed spectroscopic studies and 
for'estimating imparity sputtering rates isee 
Sect. -4.4.2) . The impurity flow reversal 
e.».perirxr.t en I5X-S has teen studied in 
detail with sr.odes developed e a r l i e r . _ / 

Pellet fueling ofjc'entefflporary experiments 
has seen modeled in detail both tp assess 
pellet abla»ionjao<!e?s and to-study the 
plasma particle i-alAnce- ' 

With the rote of s tabi l i ty c lar i f ied by 
future high pressure injection experiments, 
the identif ication of the specific rsechanssn 
tor impurity production at high power loading 
wi l l become c r i t k a l . With a valid high 
pressure energy loss mode! and improvaeents 
in our particle and inpuriCy transport «odels, 
this question should be answered by long 
pulse neutral injection experiments. 

3.4.1 Simyla tion_ofMu1Iti.specjes Impurky 
T . r i l / , s P 0 . r t . iJL JP.^nwks ' 

T. Amano E. C. Crume, . I r . 

To simulate rultispedes impurity trans­
port in tokamaks, a set of coupled continuity 
equations including source and sink terms 
from atomic processes (rate terms) was solved 
numerically. The diffusion and rate terms 
are integrated separately in time using a 
fractional step-splitting technique that is 
accurate to second order in the time step. 
The rate terms are integrated using an 
eigenvalue method that allows such a large 
time step that diffusion constrains the step 
;ize. For the diffusion coefficients, approxi­
mate forms of the PS coefficients calculated 
by hirshman were generally used (to save 
computer time), but the exact for** were used 
for certain comparisons. Anomalous diffusion 



78 

was treated using a pseu&classical diffusion 
coefficient. Calculations Mere performed 
treating individually all the ionization 

' : stages of oxygen and iron impurities in a 
hydrogen "plasma. Calculated 0 Viand 0 VII 
relative densicj profiles agree qualitatively 

^f t^prs f i l e s measured in the Adiabatic 
Toroidal Compressor (ftTC) tokcaak when purely 

- neoclassical diffusion coefficients are used. 
'"- Because the calculated profiles are also very 

sensitive to the Magnitude of.the neutral' 
.oxygen influx'and atamYc^process rate coef-

^ p e f e n t s , i t is difficult to separate tfce 
. diffusion and the atomic Basics problems. 
• tne^alculated Fe XV relative density profile 

, ^--is-seen 1ess=j£a|fiSre to theneutratiron 
infJu\jI|§gBgR it_also Is sensitive to the 

"""'•ite coefficients.:"A 3»&tl in Which-pseudo-
cUs>tc4^a^fusion coexists with neoclassical 

-->' " gives nearly as good agreement with experiment 
._. as one with only neoclassical. Better resolu-
-""tfon of this problem requires coordinated 

measufements-oT absolute Intensities of 
impurity spectra and radial profiles, along 
with other plasma parasteterrsuch as the 
electron density and temperature profiles and 
the ion temperature profile. Additionally, 

, measurements of impurity source parameters 
such as the neutral energy or energy distribu­
tion are needed. 

3.4.2 Charge-Transfer Excitation of Impurity 
ton* in fofcamaks8>) 

R. C. Isler E. C. Grume, Jr. 

Detailed studies of spectra from the 
ISX-A tokamftk at ORNL have shown that certain 
oxygen-ion lints appear too anomalously 
intense to have been excited solely by electron 
collisions. These results are Interpreted as 
being due to charge transfer and suggest the 
necessity of Incorporating this mechanism 
into analyses of tokamak plasmas. 

Experimental Conflnemiftt Section 

3.4.3 Impurity Behavior during Neutral Beam 
Injection and Sas Puffing into OftHAKei 

R. C. Isler : E. C. Crume, Jr. 
H. t.. no**e 

Variations of the intensities of spectral 
lines are utilized to determine the extent to 
which the impurity concentrations of ORHAK-
produced plasmas are altered by neutral beam 
injection and, in some cases, by the simul­
taneous introduction of a puff of hydrogen. 
Concurrent variations of oxygen emissions 
resulting from'alterations in the profiles of 
electron temperatures and concentrations are -.. 
taken into 'account through solving the coupled - „ 
continuity equations of th? several ionic 
species of this element. Ad hoc transport ~JT~'£U. 

velocities are utilized, and a complete 
recycling model is assumed. 

3.4.4 Numerical Modeling of Impurity Effects 8' 

J. T. Hogan A. T. Nense 

Atomic collisions - H° with nwltlcharqed 
ions 

The presence of iron, molybdenum, tung­
sten, cxygen, and/or titanium in tokamak 
experiments has led to well-documented effects 
on the overall energy balance. There are two 
areas in which modeling can suggest the need 
for additional data. 

Neutral injection. A possible beam 
deposition Instability, caused by the trapping 
of injected neutral beams by impurity ions of 
charge Z, was proposed earlier. Detailed 
calculations, to be presented elsewhere, show 
that with the scaling of the total electron 
loss cross section that Is now understood 
(Z a, a i 1.4), the beam deposition instability 
is not a factor in the performance of devices 
such as the Tokamak Fusion Test Reactor 
(TFTR) with minor radius $1 m and injection 
energy £60 k«V/AMU. Larger devices with 
higher Injection energy and longer pulse 
length may still be affected, pending further 
atomic physics information. 
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Recycling. The electron loss cross sec- •-
tion for the interaction of neutral atons and 
aulticharged ions at lower {?. eV < E < 
2 keV) energy is unknown and nay affect the 
interpretation of two issues in present 
confinement experiments. ' 

(1) Confineaent soiling: Ion confineaent 
scaling is described either by the "extended 
plateau" or the neoclassical plateau-banana 
model. The interpretation depends, in some 
cases, on estimates of the T-(r) profile, 
which is inferred, in turn, fro* a model for 
the radial profile of neutral density. 

(?) Gaspuffing: Injection of low 
energy (tS eV) neutrals is used to fuel 
present tokamak devices. A significant. 

- amount of oxygen can enter with this gas even 
though the resulting Z_-, -». 1.3. The electron 
loss reaction provides a new ionization loss 
for electrons and a mechanistsfor depressing" 
the charge state of oxygen. This reaction 
my, thus, play a role in resolving the 
present anoiuly concerning the fast relaxation 
of » e ( r ) to a monotohic shape. 

Compression and heavy metals 

TJheJradJetlve power loss from heavy 
.estimated recently, and the 

_,.„_' ; «ll isi^r scales as n_n,f(Tj . where n, 
-ijijs,-the-impurity wmSity. A promising technique 
^:fprdenhanciftg neutron output J s to compress 
„".v.|he pl;sm in major radius. All densities 
-." sce1fc.es C2 before and after.this compression 

( C £ *i irU1e» / kfiner R " " a J ° r r a d , u s > -
Thus, the power density increases w t * . 
Calculations with a self-consistent compres­
sion mtfel (1-0 transport coupled with a 2-0 
WHO code; dticlose significant differences 
from the. usual instantaneous compression 
model in this case 1n that compression 
actually decreases the neutron output I f 
heavy metal Impurities such as tungsten arc 
present. 

P^fftor cajculf*1on* 

Radial (1-0) modeling of the PDX and 
ASDEX tokamtks using a self-consistent particle 

:,:-£ 

and energy loss model for the divertor zone 
shows that fueling by gas puffing may be 
feasible. For ofcmically heated discharges 
with average densities in the range 3-8 x . 
1 0 ' V O B 3 , calculations have been nade for an 
assumed separatrix-wafl spacing of 5 cm. 
Under a variety of assumption^ about transport 
coefficients, the resulting shielding, e f f i c i ­
encies are 40-751 for 204v iron atoms. , 
Fueling rates of, \&} atoms/sec are, needed to 
sustain the plasma :enclos%d Sy^the separatrix. 

, - ; • " " ' • ; y v o '. /;, r . . . ^ 

3.4.5 MHD/Transp&rt Interactions in Tokamafcs" 

J. T. Hogan " fr." Cameras 
W. A. Houlberg 

, '•" • y ~-

Tokavaak transport simulation codes are 
intended to model the evolution of a discharge 
on a "diffusive" time scale. However, the 
usual theoretical separation into diffusive 
and Alfven time scales, with fast motions 
ignored in the former, breaks down when 
resistive W ~ instabilities play a role in 
the energy balance or when fast time scale 
instabilities saturate at a finite amplitude. 
Models that describe the intermediate time 
scale evolution are inherently 3-D and are 
computationally expensive. Although they are 
essential for a description of the stability 
problem, the transport calculation requires 
a faithful approximation that can be checked 
against the 3-D model but that provides a 
time- and flux-surface-averaged description 
of the enhanced transport across axisymnetric 
flux surfaces (1-0). 

Ma have developed such models for three 
. different HMD/transport problems: (1) the 
finite amplitude saturated helical modes m » 
2 - 6 , and n * 1, 2; (2) the internal mini-
disruption (sawtooth); and (3) the ballooning 
instability due to high beta tokamak operation. 
Each of these cases requires a study of the 
fast time scale behavior to determine the 
appropriate time-averaged result for the fast 
process and a prescription for Incorporating 
this effect in the usual diffusive transport 
model. 

http://sce1fc.es
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3.4.6 On Measuring the Electron Heat Diffusion 
Coefficient in a Tokamafc from Sawtooth 
Oscillation Observations6'' 

H. Soler. J. D. Callen 

A number of new Methods are discussed for 
.determining the electron heat conduction coef-

"' ff cient- v In a tofcamak fro* the experimental 
. observation of the space-tiae evolution of the 
temperature perturbations induced by internal 
disruption^. -In ORMAK the various average 

^-^wToes of Xg and .the radial dependence of Xg 
~«r£ found to be consistent with and more pre­
cise inan the ^(r) determined by conven-

lly analyzing the electron power balance 
£fqn. The net result of these measurements 

prove conclusively that the dominant' 
al electron heat transport- mechanism in 
fcs is a microscopic, diffusive process, -

2-4.7 Heat Transport in Tokamaks as 
Observed from Sawtooth Oscillation 
Characteristics65--

M. Soler J. D. Callen 

o -." . Jte Illustrate recently derived methods 8 6-
(also see Sect. 3.4.6) of measuring heat trans­
port by analyzing some high density AlCATOR 
discharges. The analysis is shown to provide 
very accurate results for %{r) * l/2tx e( r) + 

.Xf.(r)].- The importance is stressed of t i e, 
the electron-ion temperature equilibration 

_ time in deciding which is the effective (elec-
V. j j f g g ior ion) transport mechanism. Examples 
u 'ilejshown where transport is dominated-by ' ' 
--^^ffl|irtr'm», by ions, and initially by electrons 

' "^aflC-MJtn by ions. A survey 1s presented of 
b w t transport in tokaaaks using these methods. 

3.4.8. Analysis of Heat Transport in ALCATOR 
from Sawtooth Observations67 

H. Soler 
v. 0. Callen 
A. P; Rararro 

R. Granetz 
F. Sequin' 
R. Petrasso 

Heat transport coefficients ^ and X| ft 
very high density (2.5_ x JO1* <_ n <_ 7.4 ;* 
101** cm"3) ALCATOR regimes are determined 
from soft x-ray observations of a « 1 sawtooth 
disruptions. At r = 0-a simple analytic " 
aodef is proposed for the couple* electron 
and ion transport. The apdel assumes flatten­
ing of both Te and T̂  tempera tores at disrup-, _ 
tion^ as recently reported 1̂ii'v̂ CjWEPR>f8.and'' 
describes very well all the experiaentaTTy 
observed structure of the T e(o.t}' 
For observations at radii different'' 
0, a method previously established is 
(see Ref. 84) . ' The results obtained fbr~x* 
agree within experimental error with neo- -
classical transport in the region 3 cm <_ r <_ 
4 cm, vthere x̂  was evaluated. For r = 0, 
however, ion transport appears as low as the-, 
classical value for the highest densities 
attained (rio"*'10 l s).' This result is in c 
contradiction with very large values near r = 
0 predicted by the standard neoclassical 
formalism. 

3.4.9 High-e Tokamak Model log Studies 

J. T. Hogan 

The attainment and maintenance of a high 
beta (e > 4») plasm* by neutral beam, injection 

Massachusetts Institute of Technology, 
' Cambridge, Massachusetts 
+Awerican Science and Engineering, Incorporated 

c i. 

<*- :-jr.-r^r. 

•'"ft • - " - . " " " f e * ^ ' - * - -
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is an important goal of present tokamk 
experinents. lie discuss i^rt in progress on " 
a matter of Modeling probleas suggested by__ 
such experiments: ( I ) optimization of t h e ' ^ 
configuration by bean deposition amfccurrent 
prograwing, (2) the role o f neutral-beaa-

. induced currents in determining the shear 

^S9"*"*' ( 3 ) PMsible^Kse o f Fisch-Bers lower 
^ ^ y b r i d OErrent drive for ta i lor ing p r o f i l e s , " 

. , **» («) properties of the f i n a t stage of FCT 

• •'•; j evelutioti; "c ^ 

^ As part of th is study, we have wd i f i ed 

Ul/ZrO t raa jwor t t t i ^ fb?- '%', --""" ~-~ 4 -

*#> 

(3> the Zakharov-ShafranoV 
of equilibriuN on the.pnsS 
should not be accessible 

' ' future; *- ,-;- -•"' ' .••i*H.«, „ „ 

- l o r CTiitt^ct^ i . i W ^ i k ^ a tWg-jTibr- v r 

J P e ^ f " f f # * » r injection restores t * T Jpie. - ?£ 
* - ^ ^ ^ ? ^ > ^ p f e > i ( H s m ^ ) f i r i n W ^ ' :. 

W . i #:*y«w; 

'Vvte ^JHaJtSejl^ 

calculation; 
' < i l ? J - ca l cu la te lower hybKd 
' ^ V aw» current generation, using 
...7: -Asveloped by.D. Ehst (Argonne national 

- ^ laboratory);* ' 

(3) calculate Magnetic reconraction o f non-
mnotone curret.t profi les and magnetic 
island effects due to saturated bearing 
ins tab i l i t ies , using cr i te r ia tevelopecE 
by Haddell, Can-eras, and Hicks, 

As before, tea* deposition is calcwJa 
with the Fowler-Rone noncircolar * e ^ o V 
FREYA nodule developed by D. Post (PrH) ! 

/A. Dory 
. p: p. 

L. A, Charlton 
-_ J . T.. Hogan 

0. J. 

c J^lk."Hunro,^r l -
B. B. nelson 
V-K. H. Paig = 
D. J . Sigaar 

S t r i c t e r 
Vt> ,-?fcr 

r , ? " , ^ 

' HHD eqjrtl ibriaa, s tab i l i t y , and transpott 
calculations are made to study the accessi-

, b f l i t y a w f behavior of 7high beta tokamak 

'$S?7!i^^ran5e $ *5*152- F o r *«t 
9 ^ ^ J o i . d e v i c e s , beta values s>f at least 
^ l ^ f to ^ * accessible end stable i f 

^ sra^cortducting surface nearby. 

- m 

'^•JSS. 

' ^53US 

(1) 

v-snaced plasnas ^ h ^ r ^ t ^ - S ^ ^ ^ : ^ , ^ J - *• ««mn>, Jr 
-" « "near ly m ^ ^ ^ ^ S i M - ^ f ? - ' ^ ^ : > f t - f i . W S W . 
^ o f t h e p j a s ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ f ^ ^ * ^ , , ' V ^ ^ ^ n s -

iS'-aSSB-'i-a 

We find that - . -r-^ -.':\•*Z£c--'<>A%fi *-i > .. . 
- J .- r r . 4 C - ^ - ' c ^ f g < > l r Tokamafcs Heated 

self-cjnslstent t r a n s i » r t - g ^ a * w f - J ^ - ^ ^ ^ ^ ^ . r ' 
"stable- v-shaced plasmas ^ t t F - r 5 ^ f o ^ ^ : ^ R ' A " " " " ^ 
("stable' " - - -- -^%-<&^ 

than 2W 
: TOSCA results do not 

*ng c r i te r ion ; 
b p w f f u for b»l lopn irtg _ 

P«VPPf«g or tow, r n y W d ^ P ^ T d r l v i ; ; tok««rts p „ « f K 

c t,. 

&;- 1 
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3.5 PLASSA ENGINEERING 
S. E. Attenberger 
5. 1C. Borowski 
J. N. Davidson 
6. A. Emmert 
W. A. Houlbert, 
M. A. Iskra 
J. R. TcNally, Jr. 
A. T. flense 

R. J. Onega 
Y-K. H. Peng 
J. A. Rare 
K. E. Rothe 
0. J. Strickler 
T. C. Tucker 
N. A. Ockan* 
R. K. Wieland 

The Plasma Engineering effort is aimed 
at developing successful fusion reactors and 
is- therefore, closely coupled with experi-
roants, theory, and fusion engineering and 
ec^inolog^ s* lies. This is accomplished 
hrough '",if_'rpretation of the latest theo­

retical an.' experimental results and the 
application of these understandings to sizing 
of the advanced u?vices. This involves the 
developing, upgrading, and benchmarking of 
computer codes based on the latest develop­
ments in the plasma, KHD, kinetic, and trans­
port modeling theories to Suit the specific 
devices. Also, based on the understanding 
developed through the engineering and 
technology re.e.rch and development efforts, 
alternate plasma operation scenarios are 
explored to resolve significant uncertainties 
and difficulties in building and operating 
advanced devices. 

3.5.1 Kisma Systems Analysis 

A. T. Hense 
W. A. Houlberg 
J. R. McNally, Jr. 
S. E. Attenberger 

ft. H. Wieland 
J. N. Davidson 
r i . A. Enroert 
M. A. Iskra 

The Plasma Systems activity encompasses 
several areas of research. This past year 
the areas were (1) benchmarking of transport 
code subroutines, e.g., pellet ablation and 
neutral beam deposition; (2) determination of 
finite Ion temperature and secondary electron 

emission effects on divertor plasma transport; 
(3) expanding radius neutral beam heating 
scenarios for tokamaks; and (4) alpha-particle-
driven plasma current. 

A Comparison of Beam Deposition for Three 
Neutral Beam Injection Codes9** 

R. H. uieland U. A. Houlberg 
A. T. Mense 

The three neutral beam Injection codes 
BEAM (Houlberg - ORML), HOFR (Hone - ORNL), 
and FRtrA (Post - PPPL) are compared with : 
respect to the calculation of the fast ion 
deposition profile H(r?. Only plasmas of 
circular cross section are considered with 
injection confined to the mirfplane of the 
torus. The approximations inherent in each 
code are pointed out, and a series of compari­
sons varying several parameters (beam energy 
and radius, machine size, and injection 
angle) shows excellent agreement among all 
the codes. A "cost" comparison (execution 
time and memory requirements) is made that 
points out the relative merits of each code 
within the context of incorporation within a 
plasma transport simulation code. 

PELLET - A Computer Routine for 
Modeling Pellet Fueling in Tokamak 
Plasmas*'* 

W. A. Houlberg 
M. A. Iskra 

H. C. Howe 
S. E. Attenberger 

Recent experimental results of frozen 
hydrogenic pellet Injection into hot tokamak 
plasmas and substantial agreement with 
theoretical predictions have led to a much 
greater interest In pellets as a means of 
refueling plasmas. The computer routine 
PELLET hf.s been developed and used as an aid 
In assessing pellet ablation models (see 
Fig. 3.13) and the effects of pellets en 
plasma behavior. PELLET provides particle 
source profiles under various options for the 
ablttion model and can be coupled either to a 
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Fig. 3.13. Comparison of the three 
ablation models in PELLFT with and without 
self-limiting ablation. ISX-A parameters are 
used [RQ = 92 cm, a = 23 cm, n (o) = 

4 x 10 ; i cm"1, Tfi(o) = 750 eV]. 

fluid transport code or to a brief routine 
that supplies the required input parameters. 

Divertor sheath equations 

6. A. Emmert 
J. N. Davidson 

A. T. Mense 
R. M. Wieland 

Several fundamental problems occu1- in 
trying to assess the energy loss terms along 
the magnetic field lines in the divertor {or 
shadow-of-the-limlter) scrape-off zone in a 
tokamak. The temperature ratio Tj/T e •• 1 
causes the usual Bohm Sheath Criterion to 
come into question. The presence of plasma 
sources along the field lines and cross-field 
diffusion art also complications. 

The formulation of an electric sheath 
near a plasma-metalMc surface interface has 
been studied for the case In which the lon-
to-electron temperature ratio Is arbitrary. 

Host of the earlier work 9 6* - has dealt Kith 
plasmas containing cold ions (Tj < T f i) witt a 

unlikely t»«tttis;s5^t^ffljiv«xist in _ 
actual 6iver^.^^ri0^£it^ 6f interest 
to cm^m^m^^m^^m^: 
seconds*? 
without I t i e ^ i i 
determining the. 
Mgh-> 
wall and 

OXA o»o OJO oso t __ 

Fivj. 3.14. Wall potential ast f^**^^" 
of the temperature ratio. 

Neutral beam energy and power 
for expanding radios and ftiTT-fcgre 

.r. * -' J»Z'J'ir-

of tokapafc reactors 

w. A. Houlberg A. irMU^Z"^, 
S. E- Attenlerger ^ ^ ' 

Neutral beam power and tntfi v^qufrtiKnis 
are compared for full bore and expanding-
radius startup scenarios in an elonoated TNS 
(The N*xt Step) plasma as a function of beam 
pi'lie tie* and pla'-a density- Because of 
the similarity of parameters, the results 
should also be applicable to Lnyineering Test 
Facility (ETF) and InternationalToi'amak 
Reactor (INTOR) studies. A transport model 

-*JS^s '=>•" £ # 
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consist ing of neoclassical ion conduction and 

anomalous electron conduction and d i f fus ion 

based or ALCATOR scal ing leads to average 

densi t ies in the range n- - 0.8-1.2 >. 

1 0 u cirr 2 bein^ s u f f i c i e n t for i g n i t i o n . 

Neutral deuterium beam energies in the range 

120-150 keV are adequate f o r penetration wi th 

the required power in jected in to the plasma 

decreasing wi th increasing 'earn energy. The 

neutral beam power peeresses strongly wi th 

increasing beam pulse length ; h u n t i l exceeds 

a few to ta l energy confinement t imes, which 

y ie lds t. * 4-6 sec f o r tl.e TNS plasma. In 

addi t ion to avoiding skin current e f fec ts and 

possibly al lowing for a more impur i ty - f ree 

plasma i n i t i a t i o n , the expanding radius scenario 

has s l i g h t l y reduced beam energy and/or power 

requirements. When the expanding radius 

scenario is extended to even larger power 

reactors, neutral deuterium beam energy of 

150 keV remains s u f f i c i e n t for penetrat ion. 

Figure 3.15 shows the neutral beam power 

requireir.jns.s for i g n i t i o n vs the in jec t ion 

time for both f u l l bore and expanding radius 

scenarios. One can c lear l y see the gain is 

in going to beam pulse tin.es approximately a 

few times the energy confinement t ime. The 

to ta l energy expended in i gn i t i ng wi th lower 

power over a longer period of t i r * increases, 

however. 

Alpha-driven sieady-state tokamak 

J . R. McNaily, J r . K. E. Rothe 

A s ign i f i can t net alpha current (-1 HA) 

is to be expected in high temperature tokamak 

reactors and may provide the seed current 

essent ia l to d r i v ing a bootstrap urrent in 

a tokamak to permit steady-state operation 

without the need f o r pulse transformers 

except during s t a r t u p . 9 , 5 Figure 3.16 i l l u s ­

t ra tes the prompt alpha current resu l t ing in 

a f l a t temperature, parabo l i c -dens i t y -p ro f i l ed . 

oaM.'0*O"CO re s n i 

Alprio Current ono Sorely Factor 
»S Toroidal Current >n TNS Reactor 

<20C j 
j D' TO»A»AK.«. t25cm.A.4 i . 
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fig. 3.16. Alpha seed current from 
prompt and stacking effects as a function of 
the toroidal current in a TNS-type tokamak. 
Safety factor q(a) 1s also shown. The alpha-
produced seed current does not completely 
vanish at r = 0 except at I T » •-. Scaling for 
different n T involves multiplication of 
points by n 1/3 x in 1'. 
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TNS-s ze tckd^ik as i function of plasma 
terpert,ture and toroidal current. At tne 
elevated temperatures possible with tempera­
ture excursions of an ignited todamak, the 
romentur. input to plasma electrons is also 
grossly reduced, ard plasma ions will pick up 
the bulk of the current (or momentum) from 
the alp. s as they degrade in energy, thus 
sustaining an ionic seed current component in 
the plasma, bootstrap currents due to pres­
sure gradient effects, as well as selective 
scatter of countercurrent moving aiphas into 
the loss region (banana orbits that intercept 
the tokamak wall), will enhance the prompt 
alpha current into the multi-MA range in high 
temperature plasmas. 

3.5.2 Pcloidal Field Studies 

Y-K. M. Peng T. C. lurV.z' 
D. J. Strickler 

Tokamak equilibrjj*(n_poJpj_da_l_/JeljJstudjes 

0. J. Strickler Y-K. M. Peng 
T. C. Tucker 

A set of codes has been developed to 
provide a s> ,ematic approach to the study of 
poloidal fields and free oour.dary FCT 
equilibria!:' ir both air core and iron core 
tokamaks. 

Pressure P profiles are assumed, ana 
toroidal magnetic flux F functions for high 
beta tn determined by solving the Grad-
Shafranov equation 

r ' v . ( L , ; ) . . 4 , r ^ - F ^ (3.15) 

using the Oak Ridge FCT equilibrium code. 
The ideal vacuum field («.) may be extracted 
from this reference equilibrium by the "virtual 
casing" oriiidple.1C1 A current density 
distribution on a contour of length L repro­
ducing in the plasma region is then found 

:v solving (see Fig. 3.17) 

-fir,*) = I J(s)G(r,z;s)ds , 

where G is a known Greens function. This 
integral equation is inverted numerically by 
modeling the current density J with a cubic 
spline function having variable knots and 
approximating the solution by a least squares 
rethod. Poloidal field coil locations based 
on this current distribution, together with 
the source functions P and F, may then be 
used to solve Eq. (3.15) in the free-boundary 
sense- Figure 3.17 illustrates some of the 
results. 

This approach has oeen oplied in ISX-
B, LPTT, and TN3-S- tokamak equilibrium 
studies. 

OB*.. iHWl 7 4 - K 5 2 f £ D 

2 0 -
fP£E KNOTS--, 

n - '<• / 
f ixEO / , c . "\ors 

V 
5-

" J 0 200 4 0 0 600 
(o) OiSTANCE(cm) 

Fig. 3.17. (a) Optimal equilibrium f ie ld 
(EF) current density d-.stributions using fixed 
and free knot representations and the ohmic 
heating (OH) current density creating (b) f lux 
lines approximating the ideal vacuum f ie ld in 
the plasma region (dotted) an« (c) zero f i e M 
in the plasma region. 
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I-pjefer._ta_t,ipn_o_f_ GFUN3D nagnetostatic 
cortjuter code or the CDC 7600 at WFECC 

ucker T. .A. Cutler 
* 

K. W. rong 

A version of the Rutherford Laboratory's 
Tagnetostatic computer code GFUN3D1 •-' has 
been 1 implemented on the Control Data 7600 'J 
-achine1. at the National Magnetic Fusion 
Energy Computer Center (NMFECC). The code is 
to* teing used for inagnetic fusion energy 
v"FFj wjrk. at Livermore, Princeton, M.I.T., 
and Genera'. Atomic, as well as at GRNL. 

At ORNL we are applying GFUN3D to 
studies of ISX and ISX-B. Tc determine a 
good GFUN-type model for ISX and to demonstrate 
>.he reliability of the code, we are ro<nparing 
coTtputeo and experimentally observed magnetic 
fields. In the plasma region, the code 
result!, are in good agreement with experiment. 
Near the iron, rowever, GFl;N3D does not 
always cive reliable magnetic fields. The 
computed fields are strongly dependent upon 
fine details of the iron model and for some 
rcdels are definitely wrong. But i'u does 
avpear possible to define a gocd model to be 
used for calculating forces on the tokamak 
conductors, and we are working towards that 
end. 

3.5.3 AC\yanced Fueljs 

J . R. KcNally, j r . K. E. Rothe 

The p( f c Li , - . ) -He ( r L i ,p) "Be chain 

react ion 

be c i t a b l e for use if! nu l t i po l e ccn f i q . ra t i on* 

or other low central magnetic f i e l d devices. 

A cnnpletely catalyzed (p + ' L i - i + ;He -

l.C MeV) • ' L i - - • p + -3e + 20.9 MeV reac­

t ion would prosrote fast or suprathermal :He 

and p ions that would react in propagation 

cha'n fashion 1 ; f - w i th ~ t i fuel supplemented 

by chain branching reactions invo lv ing p + 

L i , L i • a i , 'He + 4 L i , e t c . The two 

primary mechanisms for propagation chain 
r eac t ion release o f energy give power pro­

duction (the ^Li ' -Li reactions involve s i x 

exothermic channels) 

and 

P:.; = n-.n r/ -v> -.,• 
Q-f. + PitOi 

1 - p ; /pT~ 

where 1 , 3, and 6 subscripts denote p. ?He, 

and ' L i ; Q K = 4.0 MeV and Q 3 € = 16.9 Me"; 

and p.; and p : < € are the react ion probaDi l -

i t i e s of the fast ions w i th ' t i as they slow 

down on plasma ions and e lec t rons. Neglect­

ing nuclear e l as t i c co l l i s i ons (which promote 

suprathermal i ons ) , the p r o b a b i l i t i e s p ^ can 

be wr i t t en (provided : < the p a r t i c l e con­

finement ti:ne) 

3/2 T 
P K = J. n, (;•/),,dt 

J . R. McNally, J r . K E. Rothe 

Recently, R. W. Conn has revived' ' ' ' ' the 

prospect of a charged pa r t i c l e fusion chain 

react ion invo lv ing € L iH f u e l , 1 " ' ' which might 
where 

3/2 T. 

= / r v ( a v h dE/(dE/dt) 
r ' * 

Lawrence Livermore Laboratory 
dE 
dt 

2(E - 3/2 T ) 2{E - 3/2 T.) (I C<) 
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Here 

1.2 x 10 I :TI /-' A. _e_ j 
e Z-. 

and 

: E c - 14.8 V i [ ( : n i o n s Z ? o n s / A i o n £ ) / n e ] V 5 . 

Preliminary synchrotron-free bum calculation 
results have been obtained and give p t, of 
order 0.06-0.22. No ignition of a closed 
(ni = « ) , p'jlsed burn has been obtained 
except for \ure p 6Li plasmas with all the :'He 
instantly bu-ned with eLi - a very unlikely 
prospect. 

The ef ect of nuclear elastic collisions 
and additijnal side reactions is expected to 
enhance the burn prospects, but one needs 
about a doubling of the charged particle 
energy release to match the bremsstrahlung 
power loss alone. Further study of this 
potentially "clean" advanced fusion fuel 
seems warranted, although it should be 
recognized that the use of eL1 as fuel poses 
the problem of condensation and crud buildup 
on any cold surfaces in the vacuum chamber. 

A simple measure of merit for fusion 
feasibility 

J. R. McNally, Jr. 

A simple merit factor for fusion-related 
experiments is defined in terms of several 
fusion goals and compared with past and 
present experimental achievements. 1 0 7 The 
merit factor is taken to be M =• log 10'°k, 
where k 1s the four-factor fusion formula 
(frup) and represents the fusion energy 
multiplication factor defining Ignition for 
k _' 1 or M > 10. The value of k can in most 
present cases be approximated by f, the 
thermal energy utilization factor, which 
equals the ratio of the alpha particle fusion 
power to the thermal power losses from the 

plasma.--" For upcoming large tokamak experi­
ments, such as TFTR, the fast fusion factor 
• due to beam-plasma reactions may appreciably 
exceed unity and thus reduce the Tnv 
requirements for ignition through f. In the 
past 20 years, K has increased by six units 
and k or f by 10*. Figure 3.18 illustrates 
progress for several fusion-related experiments. 
The PLT(I') point includes a correction for 
Z -, = 3.5, which reduces the equivalent 
n (.fl- + n.) by about a factor of 2. 

3.5.4 Plasma Engineering Support of Advanced 
Systems 

Advanced fusion systems design projects 
(TNS/ETF, EBTR, etc.) and areas of development 
and technology (controls and in'trumentat'jn, 
neutral beam systems, etc.) receive fusion 
physics suoport and guidance *rom the Masna 
Engi neer i r . Group. 

Oak Ridge TNS Refere-ice Design, 1978 ; 
Plasma Engineering Cjwjj^e/ajtjons • ' 

Y-K. M. Peng W. A. Houlberg 
J. A. Rome 

The 1978 Oak Ridge TNS effort was directed 
towards preconceptual design of a high duty 
cycle, ignited tokamak with an emphasis on 
engineering feasibility. The Plasma Engi­
neering input to this design included the 
application of our present understanding of 
fusion plasma physics and the exploration of 
new approaches to plasma oparation that may 
substantially improve the attractiveness of 
the tokamak reactor. (For a more detailed 
discussion of the TNS studies, see Sect. 7). 

Plasma current startup. A method of rf 
(1 MW at 120 GHz) prelonlzatlon and electron 
preheating was proposed as a possible scheme 
to allow an order of magnitude reduction 1c 
the startup loop voltage (from 300 V tc below 
30 V) with minimal resistive loss of flux 
swing. Engineering studies of the TNS PF 
syscem have Indicated a significant reduction 
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ir. cost by increasing the current buildup 
tim«; ^rom 2 to 6 sec. Tnis suggests addi­
tional healing during this phase to ensure 
fhat the resistive loss is limited to below 
0.05 I L i 2.5 Wb, where I = 4 KA. 

Hl!±tJ!!fl.lS.JjgnjJt.ipn- Nearly perpendicular 
injection of 50-70 MW neutral deuterium beams 
at IsG keV i» proposed to heat the plasma to 
ignition 1n about 6 sec. This result is 
suggested by detailed 1-D transport calcu­
lations of plasma ignition with expanding 
radius or full bore heating when the density 
is held constant In time. This result i: 
further supported by 1 1/2-0 calculations 

»'tn simplified transport models ii a low 
density heating scenario account for the 
effects of noncircular piasna cross cection, 
shift of tne magnetic axis as .• increased to 
7 , and energy spectrum of the beams. 

Beta maintenance. As_.uir.ing successful 
impurity control, refuel inj, and ash removal, 
tne poloiial flux swing is capable of Sustain­
ing the plasma current for -&00 sec, which is 
somewhat less than the magnetic flux diffusion 
tu>« in the plasina. The hybrid PF coils are 
analyzed to '.how that "if desired D-shaped 
ross section can be maintained despite 

possible large changes in the plasma beta and 

http://As_.uir.ing


p r o f i l e s . Idedl * C calculat ions have s!io«r. 

t r a t . values around 7 can be statue wi th 

proper snaps and p r o f i l e con t ro ls . 

'".FJjrity 3nd_j_artjc_le_ c p i t r c l . Bundle 

u iver tors ar^ presently assures f o r the 

Reference Design. Flas-a fue l ing is assumed 

to te - r o - a combination of neutra l bear.s, 

p e l l e t s , and puf fer gas. Furtr.er d i ve r to r -

re lated shys'cs calculat ions are neeaed in 

th is area ( e . g . , e f fects on energetic ion 

C. - f inerent ; . 

Shutdown. T^e ef fects of plasna shutdown 

due to r a j c r d isrupt ion Are est i~ated to be 

sanageable i f the d isrupt ion t i*r* scales l i ke 

P.--- a'-- £ : V ~ - ' ;v = plas-r^ loop voltage) 

as a resu l t of nonlinear in te rac t ion afianc 

tear ing rodes to becorc roughly 25 f~sec i " 

the Reference Cesi.jr.. 

Toka-ak. instrumentation and c o n t r o l s - •• 

A. r-cuicerg ft. J . Cnsca 

Tr.e prtr-dry input from Plasr.a Engineering 

in th is study is the c e f i n i t i o n of the physics 

transients needed in a complete burn cyc le . 

The impact of potent ia l abnormal operations 

such as hard shutdown and aborts , as well as 

the avoidance and amelioration of such impacts, 

is deemed an area that needs strong a t ten t ion . 

The .nost i f .portant consequence of a d isrupt ion 

w i l l te damage to the f i r s t wall fron-- thermal 

and magnetic stress. Severe temperature 

gradients w i l l cause thermal s t ress, placing 

a l i . n i t on the number of d isrupt ions that can 

occur before the i n t eg r i t y of the wal l is 

l o s t , and eddy currents induced In the wal l 

w i l l interact w i th the magnetic energy of the 

plasma and the f$, f i e l d to create mechanical 

forces. Consequences to the ohir.ic heating 

(OH) c c ; l s , t he i r power suppl ies, and other 

co i l s must also be taken in to account. 

The two most important parameters for 

the assessment trt the plasma d isrupt ion time 

-.f. and the uni formity of the plasma energy 

depcsi t ior or. tne w a l l . Neither of these 'wo 

-ara^eters car. t e calculated d e f i n i t i v e l y , 

but the d i s t r i b u t e of enercv en the f i r s . 

Kal i is the snore under la in. 

For a T*«S-siie device, the p ias - i d i s ­

ruption t i r * is esf»(Mted to be « - 2^ - S K , 

with 135 HJ o f tneroal energy and ISi KJ c f 

magnetic energy stored in the plasma. I'm rem-

energy deposit ion is assumed fo r tn is analysis 

The temperature r i s e in the f i r s t wal l (witch 

is sate 0* type 316 stainless steel } is 

roughly 400 C f ron a s ta r t i ng temperature of 

104'C. i nd i ca t i ng that wall f a i l u re due tc 

thermal fat igue w i l l occ-jr a f te r about 4S( 

d is rupt ions . 

~r.e E.LVC EJ-XV Tcrus :eacr';!••• • 

r. ' . ir.r tore 

L. A. Sror; 

•-. L. *a t t t 

.. f. UcVar, 

Z. i . -a tchelcr 

: . i . u s t t i s * 

~. A. D,5nd! 

C. L. ~edric» . _•-. 

i . ' . ,'dt-~e"-

J . G. McAlees L. , J ' . L ids* , * 

u. £. ".e'isor. J . ". .-c^rir, :" 

R - t . ?c to * ' 

The EST concept provides a unicuel* s i -p ;e 

basis for a steady-state nodj lar fusion reactor 

Inclusion of recent advances fron- p l a ^ a 

research has led to a new, smaller design. 

C r i t i c a l physics issues are discussed and 

din-ensionless para.r#ter scalings are explored 

(see Table 3.3) . 

Science App l i ca t ions . Inc. 

LBT group 

'Neutron Physics Div is ion 
JExperimental Confinement Section 

Magnetics and Superconductivity Section 

Massachusetts I n s t i t u t e of Technology 
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Heating Techniques for an EBT Reactor''• > 

N. A. Uckan 0. B. Batchelor 

Tne heating of an E&T reactor plasma by 
microwaves (ECH) and neutral beams is dis­
cussed. Although past and present EBT experi­
ments use ECH for formation of the hot elec­
tron rings (annuli) and for heating of the 
bulk (toroidal) plasma, an EBT reactor and 
future proposed experiments may use neutral 
beams as well as ECH, or a combination of 
both, for heating of the toroidal plasma. 
When plasma is heated to ignition in a 
reactor, the bulk heating is turned off, but 
the ring heating must be sustained throughout 
the steady-state operation. For microwave 
heating in a large, high density reactor 
plasma, considered are questions of microwave 
energy penetration and accessibility (to both 
the ordinary and extraordinary modes). 
Microwave frequencies required are 120 GHz 
for the toroidal plasma heating and ̂ 0 70 GHz 

for the ring formation. These requirements 
are similar to those frequencies for the 
proposed EBT-II experiment. Because energetic 
particles having large pitch angle are well 
confined in EBT, perpendicular injection of 
neutral beams appears very attractive. The 
possibility of perpendicular injection, 
coupled with the large aspect ratio and 
relatively sirall plasma minor radius (-̂1 m) 
for an EBT reactor, means that neutral beams 
of the type being developed for TFTR (^150 keV) 
will be sufficient. 

The ELMO Bumpy Torus (EBT) Reactor' "• 

N. A. Uckan 
R. A. Dandl 
C. L. Hedrick, Jr 
E. 5. Bettis 

D. G. McAlees 
R. T. Santoro 
H. L. Watts 
H. T. Yeh 

L. M. Lldsky 

The EBT concept has many encouraging and 
attractive features as a fusion reactor 



9) 

system. These include a high beta, magneto-
hydrodynamically stable equilibrium; absence 
of parallel currents; a large aspect ratio; 
the modular nature of individual sectors; no 
interlinking coils; ease of maintenance; 
steady-state operation; and economic potential. 
The first EBT reactor study was initiated in 
1976 and provided the required starting point 
for continued assessment of the validity of 
the concept. Major refinements in plasma 
physics and design engineering have now 
resulted in a revised system description. A 
new design based on the present physics, 
practical design, and present and near-ten* 
technologies has been established. This 
paper discusses the details of key design 
elements and critical scientific and 
technological factors that are iuuji.ani.ially 
different from other fusion reactor approaches. 
The paper also provides a useful summary of 
where the EBT program is, nhere it is going, 
and why these efforts are, in fact, self-
cons'<tent, with a motivation towards ^ctential 
reactor application of EBT's. 

3.6 COKrUTING SUPPORT 

I. Burnett, I I I 
R. D. Burris 
0. N. Clark 
J. E. Francis, Jr. 
C. E. Hammons* 
C O . Kemper 

D. R. Overbey 
C. E. Parker 
J. w. Reynolds 
C. R. Stewart, Jr. 
K. A. Stewart 
0. C. Yonts 

3.6.1 User Service Center 

R. D. Burris D. N. Clark 
I. Burnett, III C. E. Parker 

The communications PDPI1/45 computer was 
studied, tuned, and brought to current engi­
neering levels, which has resulted in -99; 
uptime for the year. The PDP11/45 was used 
to off-load „ome of the operating and plotting 
chores from the 0ECsystem-10. Sixteen com­

munications circuits were added to the DK87 
communications processor in order to provide 
better access to the User Service Center 
(USC) by the Fusion Energy Division staff. 

An extremely usable plotting system was 
installed en the USC s and tne Computer 
Science Division's OEC-10's. With one com­
mand, users nay direct data in any of four 
formats to any of eight different types of 
plotters. Functionality and performance 
enhancements were added to the generalized 
Network Command Language, which was developed 
in F v 1978. The protocol and code for this 
interconnection of computers have been of 

interest to several others This system 
allows data bases (filer) co be transported 
to other ccssputers so that the data can be 
processed in the most suitable location. 
Support for the Diablo (Xerox Corporation) 
word processor was added to the LASL USC's 
text editor and distributed to other USC 
sites. The feasibility and practicality of 
an array processor were studied. A support 
processor appears pr<".er„ole to an array 
processor due to the associated overhead. 

3.6.2 Exper imenj^J_ Jte u_JjajidJJ/ij 

R. D. Burris 
J. £. Francis 
C. 0. Kemper 

D. R. Ovebey 

C. R. Stewart, J r . 
K. ft. Stewart 

Group Leader 

0. C. yonts 

A PDP11/34-based da'.a acquisition system 
for th> High Energy Test Facility (HETF) was 
specified, procured, and made operational 
this year. This system uses CAKAC 1 1' interfaces 
for data acquisition. Tektronix 4010 support 
was added to the METF, and the existing 
system was converted to DEC'S RSX11M. 

The data acquisition system for the ISX 
experiment was augmented by the addition of 
two PDPll/34's. The effectiveness of existing 
PuPB's was enhanced by tfe addition of floppy 
disks. An RK05 disk was added to the PDP12. 
Several existing diagnostics were converted 
to CAMAC Interfaces for versatility. 

http://iuuji.ani.ial
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Support programs were added to the 
POP"1/45 to convert vector data to raster 
insage for subsequent plotting on the PDP11/45. 
This reduces the plotting/printing load on 
the liSC/DEC-10 considerably. 

A new release of the RSXUD operating 
system was installed on the PDPU/45, and a 
RSX11K system generation support package was 
developed. Medium speed connun"cation links 
and their associated software wer.? 'retailed 
between the PDP11/45 central system and the 
PDF11 systems at HETF, ISX, and HETF. 

The integration of the PDP8A acquisition 
system for EBT wes affected, and the existing 
data handling and processing codes for EBT 
data were improved. 
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Abifuct. A crossed-beams apparatus has been 

used to obtairr the sun of the charge exchange 

and ion iza t ion cross sections of 40-keV H : 

wi th l » ' + . These t o t a l e lectron loss cross 

sections were dominated by the small exc i ted-

state papulation in the H 5 beam that was 

formed by e lect ron capture co l l i s i ons of H + 

i n H ;0 vapcr. Electron impact ion izat ion 

cross sections were extended to the n u l t i p l y 

charged ions B ' " \ C 3 + , 0 + , N 2 + , N " \ N ' : + , 

0 , + , 0 " + , 0 + , and A r ' , + in the energy range 

from threshold to 1500 eV. The data indicate 

that for t*e l i t h i um- l i ke ions, exc i ta t ion 

followed by autoionizat ion contr ibutes s ig ­

n i f i c a n t l y to the ionizat ion cross sect ions. 

For the ions studied, th is cont r ibut ion 

increased with the ion charge. Cross-section 

measurements of e lectron impact exc i ta t ion of 

1. Physics D iv is ion . 

2. Participant from the Joint Institute for 
Laboratory Astrophysics, Boulder, Colorado. 

3. Consultant, Queen's University of Belfast, 
Belfast, Northern Ireland. 

4. Summer student, University of Wisconsin, 
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N" + wer-i in excel lent agreement w i th c lose-

coupling ca lcu la t ions . Measurenents of the 

charge exchst.ge cross sections of various 

multicharged ions were continued for c o l l i s i o n 

ve loc i t ies less than 10 f t cm/sec. In general , 

no scal ing re la t ionsh ip wi th ion charge was 

found, nor was there a strong ve loc i ty depen­

dence of the cross sect ions. A laser ion 

source was fur ther developed for the production 

of mu l t ip ly charged ions wi th energies of 

1 keV. Operation of the Control led Fusion 

Atonic Data Center cont inued, wi th erphasis 

on data compilations of plasma impurity cross 

sect ions, spu t te r i ng , and pa r t i c l e re f l ec t i on 

from surfaces. 

4.1 EXCITED-STATE CONTRIBUTION TO THE 

ELECTRON LOSS COLLISION OF A 

FAST H" BEAM ON N' + ION*; 

Our crossed-beams experiment designed to 

measure to ta l e lectron loss cross sections by 

H* in c o l l i s i o n wi th various mul t ip ly chorged 

plasma impurity ions u t i l i z e s a fast H'; Inam 

obtained by passing energy-analyzed protons 

through a neut ra l izer c e l l . Because such a 

neutral beam is known to contain a smal l , but 

f i r . i t e , amount of ' ' "c i ted atoms in various 

excited states n. wi th re la t i ve population P 

and because the cross sections , increase 
n 

rapidly wi th n , the valuf-s of P are needed to 
deduce .; from the measured apparent cross 
section '}., which is a sum of products P • of A n n 
a l l cont r ibu t ing states, f igure 4.1 shows the 

measured T . for 40-keV H'1 on N , + as a funct ion 

9? 



r.orra! i /at ior, l o r s t a n t . . . - " 'or tr<is ?f-

t i c u l a r case, ;*cor : .crat io ' of t^e a;o»t 

re la t ion between P am: r, into f . e sata 

analysis indicates that the r e s e n t results 

are inconsistent w i th the • r. theoret ica l 
n 

prediction- tut that • varies fore nearly as 
the geometric cross section, which varies as 
n •. 

ELECTION IMPACT IONIZATION 

OF MULT:CHARGED IONS 

IOC 

F>g. 4.1. Apparent cross section 3. vs 
ior.i»ed field strength I. 

of a transverse electric field applied to the 
r. bean prior to the interaction region. 
Because the high M- Rydberg states are ionized 
and attenuated by the electric field, :. 
decreases with increasing field, as illus­
trated ir. Fig. 4.1. The populations 'V were 
determined frorc auxiliary experiments in 
wnich the intensity of the H- beam trans­
mitted through the ionizing field was mea­
sured for a range of field strengths C. 
ihown in Fig. 4.2 ire the measured trans­
missions vs [••' for i 4>keV H : beam. The 
fact that the transmission is linear in 
t : / implies; that P. - a/n !, where a is a 

G»"n 0«G "* « O f t flO 

*<•. 
! 09980 

• 3 K 

7 S 4 5 _ 6 

Fig 4.2. Transmission of 40-keV H° high 
Rydberg • tates as a funct ion of l 1 / ? . 

Cross sections have been measured f o r 

e lectron impact ion izat ion of a number of 

mul t ip ly charged ions employing a crossed-

beams apparatus. A f te r the f i r s t reported 

measurements' for C i + and N"*, the apparatus 

was improved t o extend the upper energy l i m i t 

to 1500 eV and to reduce scattered photons 

that i n te r fe re with the measurement of the ion­

iza t ion s i gna l . Cross sections have now b.en 

measured for B''*, d - - - ) + , N ^ ' . • • ' ) * , Q(-,-.) + , 

ano A r " + . 

For he l ium- l ike ions B : + , C~*, and N + , 

the semiempirical formula by Lotz ' and the 

scaled Coulcmb-Sorn calculat ions of Golden 

arid Sampson' agree wi th the measurements to 

w i th i . . .ADerimental uncertaint ies (roughly 

•10:) at a l l energies. However, the present 

measurements for these ions are lower than 

those computed using t d o m i c a l binary en­

counter theory. ' 

The measured cross s ^ t i o n s for l i t h ium-

l i ke ions V*, N'*+, and 0 ' + do not agree so 

well wi th theoret ica l es t imates. : ' " a For the 

l i t h i um- l i ke i o n : , the most important feature 

of the ionizat ion cross sections is the 

f indino that inner-shel l exc i ta t ion followed 

by autoionizat ion contr ibuted s i g n i f i c a n t l y 

to to ta l ion iza t ion .^ Figure 4.3 shows the 

resu l ts fo r N"**, where a second peak begin­

ning abruptly a t 420 • 5 eV is a t t r i bu ted to 

the exc i ta t ion e" • N' , + (ls-'2s) • e" + 

N', + ( ls2s2»). where . = s or p. The exc i ­

tat ions of states ( U 2 s ; ) : S at 413 eV and 

(ls-'2s2p) "P a t 416 eV and two states (1v2s2p) 
-'P a;. 423 and 423 eV have recent ly been 
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Fig. 4 .3. Cross section fo r e lectron 
impact ionizat ion of N'* showing comparison of 
present experimental resul ts w i th various theo­
re t i ca l estimates and i l l u s t r a t i n g the c o n t r i ­
bution of exc i ra t ion-auto ion iza t ion . 

t-aUuiated by Henry in a s i x - s t a t e , close-

couf l ing ..juantun formalis~. 'he sur of these 

exc i ta t ion cross sections predicts a r ise in 

the ion iza t ion , which agrees with our measure-

rents to withir. 25 at 466 eV. For C " , 

exc i ta t ion cross sections recent ly tabu'ated 

by Magee >•< . :<••• for the l s : 2s • 1 s2>2. 

t rans i t ions predict < r 'se in ionizacion in 

even bet ter agreement with our experiment. 

An important observation froni the data 

on l i t h i um- l i ke ions is that the re l a t i ve 

contr ibut ion of exci ta t ion-auto ion izat ion 

increases with increasing nuclear charge 

along the isoelectronic sequence: for 0 + 

t n t second peak (exc i ta t ion-auto ion izat ion) 

is , ; i r ge r than the f i r s t (d i rec t ) peak; for 

U ; , + (F ig. 4.3) the two peaks are equal ; and 

for C' + the f i r s t (d i rec t ) peak is larger. 

Thus, for higher members of the sequence, the 

exc i ta t ion contr ibut ion to to ta l ion izat ion 

2idy dominate. This process is l i ke l y in 

other isoeW.'i.tronic sequences as well (such 

as sodium-like i o n s 1 - ) , and the e f fec ts of 

exc i td t ion-auto ion izat ion on the ion izat ion 

ha lance of high temperature plasmas need 

further invest igat ion. 

'•• • ••_•, --.-•;•: t ! c -oa'.jr-v-erts :„><- ! ; i s 

-. —,.,- ,ylf.^ - . - , , . , ,_.i>':; j u r a t i jns a l i o 

»•-•••::•:: tr, tt">;-s: HK; *>a t - ' t - ' i . £•.; i t a t io r . -

,i .:c :or.i j a t !0 ' - ::ea«s are jbser .•*•<: for O"1, 

.ee ? i : . -.-! at ii.) •?'»'• 31J A r - * . For 

ser.. i ! ; r - i i i c 'on i 0 •* and N ' * , the tea-: is 

apparently about 50 ground-state ions 

l i s i s ) S and About 50 r * tas tab le ions 

( Is /Sip) "P, as deterr ined by a detai led 

TC-as ĵ-emer.• of the threshold behavior of 

i on i za t i on , which can occur at energies a few 

eV lower fo r the metastable states tnan for 

tne ground s ta te . Figure 4.4 shows the cross 

sect ion f o r ion iza t ion of our mixed-state 

beam of 0"* and compares i t w i th scaled 

Coulomb-Born and Lotz formulo calculat ions 

fo r a 5C-5G mixture of ground-state ana 

metastable ions. The beryl T iurr.- l i ke ions 0 * 

and N ' v are in te res t ing because the cross 

sections are higher than predicted by the 

best theory (Coulomb-born) and because there 

is an unusually large f rac t ion of netastables 

in the beam. I t >s expected that netastable 

states of beryl 1 i jm- I ike ions w i l l L»e highly 

populated in most plasmas. The ro l r of 

meta-.tables in plasna processes needs further 

\ '•, 

t 
l 

•t, 

Fig. 4.4. Cross section for electron 
impact ionization of 0"*. For this case the 
beam contains an unusually high fraction of 
mctastable ions, and the discrepancy With 
Coulomb-Born predictions is significant. 
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; . l a r i f i t a t i o r , ,-.n<2 present resul ts an 

j " tY .vv t i e u>; ;>jr',trfno;tw o; netastable 

content and co'i ' i isional beiavior in p lasms. 

4.3 ELECTROS IWAfT EXCITATION OF v-* 

Measurement': of exc i ta t ion of ~ u l t i -

charged ions have continued, employing a 

.;rossed-bearns apparatus in which a nono-

ener.;etic e l e r t r o r bean is crossed by an ion 

t?ar obtained fror. the Penning Multicharged 

'.or. Source (ORNL-PIG) located in the Physics 

I i v i s ion . A co l laborat ive e f f o r t w i th the 

Joint I n s t i t u t e fo r Laboratory Astrophysics, 

tr.ese neasurerents are intended to tes t the 

developing co l l i s i ona l exc i ta t i on theories 

and ire d i rec t l y appl icable to understand inn 

^r,,;tcn enissiori j ' r o r high temperature fusion 

Ar-,.-: <r . t rnr i / - . ica ' piasnas. 

S e s j l t ' •>,•• t i e exc i ta t ion of 

' * "•: .*'. - ' ' . " r , »ere recorted previously- r 

.•: : -.-.*- ' . . ; - . .: :'"ec-""«:it w i t i recent theory. 

-•-. .1 ' j r t r - " - r -.<--•. '*' t i e theory, t i e neasure-

"er ts nave ceer extent .-3 to the next ner.ber 

cf the l i th iu r . isoelectror. ic sequence, N '* . 

f igure ' - 3 compares the '.»'* resu l ts with the 

close-coupling calcu lat ions of Van Wyngaarden 

and r~r.fi-" in the sost c r i t i c a l near-threshold 

region, for N" + the agreement of experinent 

or-j theory is well witrr.n expc-rinentol uncer-

ta i r . fy , confintiin-j the r e l i a b i l i t y of theory 

for predict ing exc i ta t ion cross sect ions. We 

now expect that quantum theory can predict 

the cross sections accurately f o " resonance-

l ines of l i t h i um- l i ke ions, for other elec­

t ron ic conf igurat ions ( fo r example, bery l l iu i r -

l i k e ions ) , theoret ical computations may not 

be as r e l i a b l e ; thus, our f u t ' ^ e measurements 

w i l l be extended to B + . C ; * , and %'•*. 

4.4 LOW ENERGY MEASUREMENTS OF ELECTRON 

TRANSFER FROM HYDROGEN ATOMS AND 

MOLECULES TO MULTICHARGED IONS 

Measurements of t o ta l cross sections for 

e lectron capture by various mult(charged ions 

in atomic and molecular hydrogen at ve loc i t ies 

„ - V B»0 i»2-«0 
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Fig. 4.5. Electron impact exc i ta t ion of 
ft*. Tne dashed l i ne i s the theory of Van 
Wyngaarden and Henry (Ref. 14), and the so l i d 
l i ne is the same theory folded wi th the exper i ­
mental energy spread. The so l i d data point 
is the present absolute measurement, and open 
data points are measured re la t i ve to tha t . 
Error oars are 90 confidence l e v e l , counting 
s t a t i s t i c s . 

beloiK 10" cr./sec nave continued, using the 

ORNL-PIG ion source. Although charge t rans­

fer processes at such energies are important 

in plasra diagnostics and modeling, they have 

proven d i f f i c u l t to evaluate theore t i ca l l y 

because the electrons associated with the 

in teract ing ion-aton syster. have s u f f i c i e n t 

time to adjust during the c o l l i s i o n , thus 

requ ; r ing a quasi-nolecular approach to the 

scat te r ing . 

To provide a systematic data basis 

against which theoret ica l approaches might be 

evaluated, we have concentrated our measure­

ments or. l i gh t ions of the hydrogen, helium, 

and l i th ium isoelectronic sequences.1'' From 

the data some character is t ics cf the cross-

section behavior for such processes have 

emerged. 

( I ) For ions of i n i t i a l rharge q «i 3, the 

cross sections are strongly dependent 

on the par t icu lar ionic species whereas 

http://r~r.fi-


for r; 3, t.'-e cross sections tend to 

re lar je -, ' - " • c"'• ' i".i re lat r.e'y 

;;oc ies i i i e p e i - i t . 

V uniform scai ir. j laws w i f : ••! are 

evident in t-i is ve loc i ty r a r ; o , unl ike 

t ie s i tua t ion at n i j ^ e r v e l o c i t i e s , 

w.ere c. .early un i fo r r power-law increase 

with q is observed.-

(3*, Also, unl ike higner ve loc i ty behavior, 

no general or strono ve loc i ty dependence 

of '.re cross sections is observed. 

The magnitudes and ve loc i ty dependences 

of the cross sections are i n f l u id stron.j ly 

by d e t i i l s of the potent ia l energy curves 

describing the quasi - ro lecule that is formed 

during the c o l l i s i o n , especial ly for q - 3, 

where the electron is thought to be captured 

into already p a r t i a l l y f i l l e d electron shel ls . 

Measurements ars cur rent ly being extended 

to heavier ions Sua. as argon, xenon, ->.nd 

iron and over a wider range of charge states 

in order to provide fur ther ins ight in to the 

electron transfer process at even lower 

co l l i s i on ve loc i t i es and higher ion charge 

s to tes. 

4.5 LASER I0!l SOURCE 

After an i n i t i a l f e a s i b i l i t y s t udy , ' ' 

work has continued on the development and 

u t i l i z a t i o n of the pulsed laser ion source. 

The t ransient plasma produced when a pulsed 

CO. laser beam is focused in vacuum onto a 

sol i - i surface has provided a source of highly 

ionized ions at r e l a t i v e l y low energies ( less 

than a few keV). An ion beam was col l imated 

from the plasma blowoff normal to the target 

surface. I so la t ion and i d e n t i f i c a t i o n of 

ions with d i f f e ren t charge-to-mass ra t ios 

were accomplished by a combination of time-

o f - f l i g h t and e lec t ros ta t i c analys is . Ful ly 

str ipped carbon ions a t I keV have been 

detected for focused laser power densi t ies of 

<i x 10- '/ifcny inc ident on a graphite target . 

A CAMAC-baseJ t ransient data acqu is i t ion 

systen was implemented to f a c i l i t a t e develop­

ment o ' the ion source and i t s appl icat ion to 

• 'ej ' -^rc t-fits of c rcs . sections ' c r e l to t ron 

L O : : „ ' V i, t ; , ; r. jr. J '\;.j' '.j_, s t r ipped c.irbor. 

o r j i ron ions in c o l l i s i o n s w i th oases at 

enot ;ies below .' keV. 

i . 6 CONTROLLED FUSION ATOMIC DATA CENTER 

The evaluating and ed i t i ng of our indexed 

c i M iography of atomic and molecular processes 

for the period 1960-75 have been completed 

wi th the addi t ion cf new data and the '-orrec-

t ion of errors in ex is t ing data ?ets. Copies 

of th is bibl iography were sent to ten labora­

to r ies in the United State?, and abroad, and 

magnetic tapes of the f i l e were Supplied to 

the Internat ional Atomic Ineray Agency (IAEA) 

fo r uoe in publ ishing a comprehensive b ib l i og ­

raphy composed of data from several countr ies. 

Final ed i t i ng i s in progress for our 1976-77 

and 1978 b ib l iograph ies , which w i i l receive 

s im i la r d i s t r i b u t i o n . Searches of 1979 

reference data are being r.-^eived and processed 

on a current basis. 

To f a c i l i t a t e creatine, and manipulating 

u;M iographical data f i l e s , a new computer 

code was brought on- l ine .January 197ft. The 

new code implements an up-to-date, more 

universal data format that is compatible witn 

the Oak Ridge Computerized Hierarchical 

Information System (ORCHIS), developed ty the 

Oak Ridge National Laboratory (ORNL) Computer 

Sciences D iv i s ion ; th is permits t.onvenient 

and straight forward f i l e management. Data 

ei i t ry i s f : : - l i ne in an in te rac t i ve environment 

in writ-on each entry is prompted, checked for 

cer ta in classes of e r ro r s , and expanded in 

the case of coded responses used for repe t i ­

t i ve f i e l d s . Hard'.*re for the system includes 

a Hewlett-Packard 264.A video display terminal 

and a DSCWRITER I I I hig, ;peed d i g i t a l 

p r i n t e r . 

Four indexed bibl iographies of nrlmary 

ise to fusion research have been published as 

JRNL repor ts . These cover the period 19SO-71} 

and include molecular d i ssoc ia t ion , atomic 

jnd molecular e x c i t a t i o n , e lectron t rans fe r , 
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and ionization and strippinq (ORNL-5500, -5501, 
-5502, and -5503). 

The two-vol one A.fcr.tc Pa&x jot Ccnt-tcttyd 
hjM.cn Hi.ica.ich is being updated with the 
revision of previous data and the addition of 
new sectioni on sputtering, particle reflec­
tion, and ion trapping. A third vo'ume, in 
progress, emphasizes fose atomic collisions 
involving impurities found in high temperature 
plasmas. A computer code usinq the OISSPLA 
j-aphics package has been written to generate 
production quality plots of the multiply 
charged ion cross-section data, using plot 
parameters specified i.i a data file that can 
be created under the text-editing program 
TfCG. Data compilation has been completed 
for charge exchange of plasma impurity ions 
with H, n , and Me. Other compilations in 
this volume include electron excitation and 
ionization of nulticharged ions. For these 
processes the lack of sufficient experimental 
data to correlate with theory has created 
uifficulties 'n presenting the data graphi­
cally. In an effort to compensate for this 
problem, we have prepared a ful' bibliograpny 
of relevant experimental and theoretical work 
to preface each section of data. 

To make our evaluated data nore compatible 
with the needs of plasna modeling, *e have 
devised and implemented a computer program to 
convert cross sections to reaction rates for 
Maxweliian-Maxwellian as well as Beam-Maxwel-
lian energy distributions. The new code 
produces publication quality output of the 
calculated rate coefficients in both tabular 
and graphical form.., a< well as in the fonr 
of Tschebysheff polynomial fits to the 
calculated rates. 

In cooperation with the Atomic Transition 
Probabilities Data Center of the National 
Bureau of Standards, we have continued publi­
cation of the bulletin Ktcmc Vitta Ion ftnu<n. 
As a supplement to our bimonthly issues, an 
aufnor ano subject index is produced annually. 
A recent survey of bulletin recipients 
indicate; that the publication continues to 

serve as a useful information tool for fusion 
researchers. 
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Afcs£&xct. The Plasma Technology Section is 
principally concerned with (1) development of 
multimegawatt neutral beam lines, including 
electrical•systems and vacuum pumping, for 
plasma heating and (2) development of tecn-
niques to fuel the plasma using high velocity 
pellets. 

In the area of pellet fueling, the 
pneumatic-type pellet injector was upgraded 
from a pellet velocity of 350 m/sec to 1000 
m/sec with T-sm-diam pellets. Injection 
experiments on the upgraded Impurity Study 
Experiment: (ISX-B) showed that for 600-̂ 00-eV 

central plasma temperatures, the pellets can 
penetrate the entire plasma discharge and 
impact on the inner wall. When accompanied 
by neutral beam injection, the plasma remain! 
quiescent and the pel let penetrates 20-30 cm 
into the discharge. A prototype centrifugal 
mechar.i-̂ 1 injector has been operated with 
0.8-mn-diam pellets at a feed rate of 150 
pellets/sec and has achieved pellet veloc­
ities of 290 m/sec. 

In the neutral beam development program, 
two ISX-B injectors similar to those developed 
for the Princeton Large Torus (PLT) but with 
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shaped extraction apertures were tested on 
t*e Medium Energy Test Facility (METF) before 
being installed on the tokaaak. At extrac­
tion parameters of 42 fcV and 61 A, 900 kW of 
H° was delivered to a 28-cm-diam target 4.1 • 
from the source; a record high 60S of the 
I x V extracted power was transmitted, 
including unneutralized ions. The last of 
the four PLT be» lines was delivered to 
Princeton Plasma Physics Laboratory (PPPL); 
1 "V of neutral power from three Oak Ridge 
National Laboratory (ORNL) injectors raised 
the PLT plasma's ion temperature to 6.5 keV. 

A 3C-cm-grid-diar Poloidal -Divertor 
Experiment (POX) ion source has, in prelfni- , 
nary testing, extracted 110-A beams at 41 kV 
for 100-msec pul;e-. A lanthanum hexaboride 
hollow cathode, being developed for long 
pulse, low noise, high current operation, has 
been operated in a 30-oa POX source with 
1000-A discharge currents for 150-nsec pulses. 
Novel diagnostics employed during the last 
year include the sciopticon, infrared camera 
and the Fabry-Perot interferometer. The 
optical properties of a multiaperture, 
80-120-kV tetrode source were studied; a 
total beam power (ions plus neutrals) of 80% 
of the extracted I x V power was transmitted 
to a target subtending V • Development of 
high voltage, high current switches, including 
a floating gradient grid modulator, was 
instrumental in carrying out this study. 
Extensive theoretical endeavors, in con­
junction with experimental optics and trans­
mission studies, were undertaken, as attested 
to by the 14 journal publications appearing 
since the beginning of the report period. 

In addition, an energy recovery experi­
ment based on the ORNL concept of transverse 
magnetic field electron blocking yielded 
preliminary recovery efficiencies of 60 ± 201, 

A modified 10-cm duoPIGatror has extracted 
up tc 1 A of negative p a r t i e s by means of 
H -to-H* cu.»£.»ion on a cesiated surface. A 
modified calutron Ion source. Incorporating 
an efficient electron energy recovery system. 

has extracted H beams with a current density 
of 60 mM/c*2. 

Pumping studies were initiated for 
cryosorption surfaces in an energetic hydro­
gen environment- and tests were made of the 
pumping ;peed of two molecular sieves for a 
hydrogen/helija mixture. Monte Carlo simu­
lations are now being used to help design 
vacuum pump chevrons. 

5.1 PELLET FUELING 

The pellet ftelin&jprigram continued in 
the direction established $n previous years, 
with a mix of pellet injector development 
work and experimental applications on ISX. 
The pneumatic-type injector1 used on ISX-A2 

at 350-m/sec pellet velocity was upgraded to 
1000 m/sec with 1-mm-diam pellets. The 
improved performance was obtained by increasing 
the launch tube length from 3.2 to 17 cm and 
the propellant working pressure from 10 to 
30 atm. The performance scales according to 
a simple, idealized, unsteady expansion 
model. 

A prototype centrifugal mechanical 
injector3 has been operated with 0.8-nn 
hydrogen and deuterium pellets produced by a 
continuous high speed extrusion source. A 
feed rate of 150 pellets/sec was attained at 
pellet speeds of 290 m/sec. The performance 
of this device follows closely an idealized, 
frictionless acceleration process with pellets 
exiting the rotating arbor at nearly twice tip 
speed. 

Pellet injection experiments are in 
progress on ISX-B at injection speeds in the 
range of 800-1000 m/sec with 1-mn hydrogen 
pellets (Z » 4 x ?0 1 9 ) . For central plasma 
temperatures in the 6O0-70O-eV range, pellets 
are observed to penetrate the entire plasma 
discharge and Impact the Inner vacuum wall. 
The plasma remains stable to major disruptions, 
but Increased Mirnov oscillations (m >> 2) are 
observed during injection. When accompanied 
by neutrai beam injection (>500 kU), the 
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plasma remains quiescenc and pellets penetrate 
only 20-30 cm into the discharge. 

5.2 NEUTRAL BEAM DEVELOP**! 
5^2.1 Ion Source Development 

PTO prototype source 

The neutral beam source for the FOX 
machine is essentially a scaled-op version of 
the PLT/ISX source,''"6 designed to operate at 
50-kV, 100-A levels foe pulse .lengths up to 
500 msec (see Fig. 5.1). Tte^eticlpated 
neutral, power per injector is 41$ AY of H° to 
the machine located 4.5 e a m y subtending a 

- "half angle of 2* to the source. 
The first type of extractor arrangement 

(type A} consists of S-**-diam cylindrical 
apertures on a 30-cm-diaa grid pattern pro­
viding a geometric transparency of ^-50?. The 
source has been, operated at arc currents 
exceeding 1200 A for the full 500-asec duration. 
Beam currents up to 110 A (at 41 kV) have been 

gm/Mt/ro n-iMi 

Fig. 5.1. POX 100-A ion source with a 
30-cm-dlam extraction grid. 

extracted for pulse lengths up to 100 msec. 
At 40-kV, 75-A level (optimum condition), the 
pulse length was extended up to 500 asec. The 
power transa ission efficiency, based or; 
measurements made' on a ;2° target under 
optimum conditions, i s "<53X. Extraction grids 
using shaped apertures are nowbeing investi- c 

gated. '•? 

Hollow cathode 

A lanthanua hexaborlde hollow cathode 
fiailar to one operated by Go&el et al . at 
UCLA7 was built and operated in several OML 
ion s a n e configurations. This OWL cathode 
assembly features an iaproved header design 
that has avch less tendency to sag. It has 
been operated as a direct replacement for the 
array of boriua-oxide-coated filaments in 3 
30-cm, POX-type ion source; it has operated 
satisfactorily up to a discharge current of 
^1000 A for -.150-msec pulses. 

It has also been operated at 300 A for 
pulses of 10-sec duration on a McKenzie 
bucket-*ype source.e The lanthanua hexaboride 
cathode offers the possibility of long life 
and high current operation for Ions' pulse 
length ion sources in a variety of configu­
rations for present and future neutral beaa 
systems. 

Negative ion sources 

The negative ion program concentrated on 
small scale, proof-of-principle experiments 
employing the method of in-surface production 
of negative ions. Two experimental approaches 
were considered. The first is a modification 
of the duoPIGatron ion source (10-cm extraction 
grid diameter) by the addition of a system of 
ceslated vanes located immediately above the 
extraction grids on which positive ions from 
the discharge Impinge9 Isee Fig. 5.2). The 
ions are assumed to be converted to negative 
ions with a 20-503 probability. Also located 
in this region is a transverse magnetic field 
that impedes tl.e flux of electrons to the 
extraction grids. A summary of results is 
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shown in Table S . I . Tbesain effi 
experiment is to analyze tne electron and 
negative ion content of the extracted 

The second experuaent for 
negative ions iv one in which 
source has been modified13 as 
A cesiated oolytodento svrfitgd 
been'i is^^|. inKdiately. ____ 
disci»rge^^pn. c This surface' 

Duty cycle 
Pulse length 
Oven temperature ''" «p to 'ASOfc^JP. 
Converter temperature <330*C 
Extraction voli<«ge Up to 5_kV 
Drain current Up to 1 A 
Electron suppression Promising 

i-6n 

elbeasrfetr \ '' 
\5^»%\ o p t t c i ? l v 3 5 

-variety of situations, vie cor- ; -
"itSoCwItn eaperiaetfUT dau"--?5;26,2? 

these^anrf previous-"' 1 theoretical studio 
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Fig. 5.3. Schematic diagram of tne calutron Pcnninr discharge 
neqative ion source. 
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Table 5.2. Negative ion tes t f a c i l i t y 

Penning discharge pulsed 

Arc current 

Arc volts 

Accel vo l ts 

Accel current 

Analyzed currenf (H~) 

Extraction s J i t 

Pulse length 

Gas e f f ic iency 

V-'Hr 
_ Power (H~ ions) 
Power (ions + electrons) 

Impuri ty 

;1G A 
250 Vdc 
21 kV 
2C0 niA 
60 mA/cm 7 

0.40 era-" 
>1GG msec 

Penning discharge cw 
5 A 
200 Vdc 
21 kV 
80 mA 
30 mA/cm 2 

0.40 cm-' 
-20 sec 
4-
4 

86t 
<3'« 

neatly d iv ides i t s e l f in to three classas of 

ascending u t i l i t y : post mortum, del ineat ion 

of cause and e f f ec t , and a p r i o r i p red ic t ion . 

Five predict ions have been made. These are 

chat (1) in a PL! source the shape of the 

beam d i s t r i bu t i on is dependent on perveance, 

with large t a i l s mostly a t low perveance ; 3 ; , ~ ^ * 

i"(2) 1n a_PLT source the rms angle is approxi­

mately 2 ° ; ' ? (3) tetrode steer ing is dependent 

on potent ia l p a r t i t i o n ^ 3 1 (4) a negative bias 

-on the f i r s t electrode w i l l improve beam 

divergence; 1 8 and (5) a pos i t i ve bias on the 

f i r s t electrode w i l l improve beamlet d iver ­

gence. 2 0 Four of these predict ions have been 

experimentally v e r i f i e d , 1 9 , 2 £ * 2 7 but the 

f i f t h o n e 2 0 remains untested. A manifestat ion 

of these predict ions i s that a substantial 

increase in the transmit ted power e f f i c iency 

of the PLT In jectors was real ized with the 

addi t ion of a single wire that connected the 

plasma g r i d to the negative terminal of the 

arc supply. 

5.2.3 Neutral Beam Line Development 

High energy neutra l , beam spurcej 

Following our two-stage, s ing le beamlet 

optics s t u d 1 e s , , c « n ' 3 : ' e f f o r t s were d i rected 

towards understanding ihe performance of 

mul t iaper ture , two-stage sources at energies 

exceeding 100 kV. The f i r s t such source, 

w i th an IS-cm gr id pattern and a to ta l g r id 

column length of 2 cm ( inc lus ive of g r id 

th ickness) , was operated at voltages up to 

80 kV and currents up to 25 A. The per for­

mance of the source wa'j studiea by varying 

the parameters, v i z . , perveance of the extrac­

t ion gap and the accel gap-to-extract ion gap 

f i e l d r a t i o . The resul ts show (F ig . 5.4) 

that impressive transmission e f f i c ienc ies can 

be achieved at accel - to-ext ract ion f i e l d 

ra t ios exceeding un i t y . However, i t is also 

clear that from a prac t ica l point of view, 

the f i e l d r a t i o has to be l im i ted to obtain a 

compromise between good beam opt ics and high 

current densi ty . Experiments using a second 

source with a 3.2-cm-long g r i d column at 

energies up to 120 kV showed that the larger 

column length gives r ise to s i gn i f i can t l y 

higher g r id loadings (Fig. 5.5) due to 

increased bean? and secondary in tercept ion. 

Minimizing the length of the to ta l g r id 

column i s , thus, necessary for high current 

dens i t ies , lower g r i d loading, and operating 

f l e x i b i l i t y . 

Considering the need for operating these 

sources for pulse lengths of the order of 
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Fig. 5.4. Power deposition as a per­
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seconds, a two-stage, 120-kV, 25-A source 
with rectangular grids (10 x 25 cm) and 
circular apertures has been designed. Design 
exercises involving higher voltages and 
currents are also being carried out. 
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Fig. 5.5. Percentage of extracted 1 x V 
power deposited on beam line components as a 
function of extraction perveance. 

5.2.4 Energy Recovery Experiment 

An energy recovery experiment has been 
Initiated at the METF using the concept of 
magnetic blocking of electrons along with 
grounded recovery electrodes encompassing a 
large solid angle. 3 6 The conventional beam 
line was modified such that the ion source is 
maintained at a small positive potential 
above earth ground by an accelerator boost 
supply while the exit grid and the gas cell 
are at high negative potential with respect 
to ground. Also, the gas cell was extended 

to the pole region of a conventional deflec­
tion magnet where electrons escaping the gas 
cell are allowed to I x B drift onto a biased 
collector with low energy loss. The fraction 
of unneutralized ions is deflected by the 
deflection/blocking magnet while undergoing 
retardation by the ground potential surround­
ings. The results are analyzed In firms of 
calorlmetric power deposited on various parts 
of the beam line. 

Following are the prelimlnar; results of 
the energy recovery experiment. 
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T*~-1 s arrari j i . .c".t has reduced the power-

hand: m ; profclen associated with removing 

tr,e unneutral ;zed bea". 

5.2.5 fJeutL-"j1 Bean _Sy_stens 

I n j e c ^ f ^eyejqpment for_ ISX-B 

Two PLT-injector-type duoPI&atron sources 

wi th shaped beam-forming apertures have been 

tested on the KETF. The nimiif icat ion of tne 

accelerator column has resulted in a 50 

increase in the beans transmission e f f ic iency 

from that of the s t ra ight -bore aperture. 

Maximum neutral beam powers achieved on a 

28-cni-diam target located 4.1 r,\ down<t, car, 

frotr< the source art; 900 kW of H at an accel­

erator power of 42 kV and 61 A and 1020 M 

of D at 4!5 kV and 55 A. Figure 5.6 provides 

an example of the d i s t r i b u t i o n of bean power 

deposit ion along the bean l i n e . Ion beam 

opt ica l propert ies of the in jector ' , were shown 

to be characterized by an optimum perveance of 

6 x 10"' AV" '/• , which is approximately 

ins ta l led on •>••. »est :>e.>" . :•': .•• .••< .;-. 

nas injected ne- i t ra l i ir.to t re '.-••'•.. -. 

The Poloidal Divertor Experi~ert ,;F0> . at 

Princeton ?las:-;a Physics Laboratory fPPFLj is 

intended to have four operational neutral hear: 

systems of ORM. design attached to i t by ear ly 

19.-;Q. Each 4.5-^- long syste." w i l l de l iver 

1.5 K*« of neutral power (through a 30- by 

34-cr rectangular aperture) to the PDX plasma 

for 0.5 sec. ",o achieve tn is in jected neutral 

power, the Plasna Tecnnology Section at OP.'iL. 

is developing a ncaled-up version of i t s 

successful "'LT/ISX-B ion source." With art 

expected proton y ie ld of ;-,0 , th is source is 

te ing designed to achieve re l iab le operating 

par-y-eters o f 50 K and !0 ;) A over a 0.5-sec 
. . i -

During vhis report per iod, a POX proto­

type source achieved separately, hei-aus* of 

f a c i l i t y l im i t a t i ons , each of the fo l lowing 

parameters: 50 kV, 25 A, 0.05 sec; 4b kV, 

100 A, 0.1 sec; and 40 kV, 80 A, 0.5 sec. 

Simultaneous achievement of these parameters 

awaits the completion of the i'f)X prototype 
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Fig. 5.7. Neutral beam power on target 
and transmission efficiency as a function of 
beam current for the ISX-B prototype beam line. 

beam line at the METF. Once reliable proto­
type source operation is achieved at the 
stated parameters with 1.5 MW of neutral power 
to the facility target, the Plasma Technology 
Section will complete fabrication and quali­
fication of four duplicate sources for the PDX 
neutral bear-, systems, 

5.2.6 D i agno_sJt_i c s 

Sciopticon 

The sciopticon, or pinhole camera, •*'• ' 
has been used routinely on the PLT and ISX 
beam lines to examine the relative contribution 
of each beamlet to the total beam. The image 
density on a mylar sheet was seen to be 
proportional to the total number of incident 
particles. A typical result for a 2?-cm 
ISX-B source is shown in Fig. 5.8. 

Fabry-Perot interferometer 

A Fahry-Perot interferometer was used to 
c".t.inMi,i. uii.' ion temperature of duoPIfiat.ron 

Fig. 5.8. Sciopticon image from a 22-cm 
PLT source with a 0.49-cm extraction gap. The 
smaller than ncmal gap spacing emphasizes the 
plasma density imomogeneities resulting from 
the cusp field magieLs. 

and MacKenzie bucket ion sources by observing 
the Doppler broadening of H light enUted by 
atomic neutrals ""- Eoth sources had a neutral 
temperature of 0.35 eV. The Fabry-Perot 
interferometer was also used to measure the 
energy components of a neutral beam by the 
Doppler shift of the H emission from the 
snergetic neutrals.'-

Infrared camera '• 

The optics of neutral beams was studied 
witn an AGA 63C Infrared camera capable of 
operating in either a color-framing or a 
line-scanning rode. In the single line-
scanning mode, the same line is continuously 
swept every 625 ,.sec 

In the first application, a 2-D recti­
linear array of small (0.16-cm-diam) apertures 
was drilled in the beam stop target to allow 
beamlets of the incident neutral beam to 
create localized hot spots on a 0.5-m1l-thick 
stainless steel screen located 2-3 cm behind 
the target. The back of the screen was 



• :e*eit fc> the i:a*«ra &r.z was sainted black i r 

cr.i«r re 03tair. a spa t ia l l y nr.itorr., ' eas i l y 

.:eter-;»sej e - ' S i ' . ' " . . wfose vaiue asproacned 

u r . ' t / . 7 i * f j l ! . - : zrr&t o* not spots was 

sca^.-ci to sfctain information about Sear 

i iowf . . r . i fer- . i ty; nowever, information fror. a 

sin-jit- row of net spots coincident wi th the 

Ha e t c ;;ave a l l the necessary t ine-resolved 

power and opt ics informat ion. Figure 5.9 

s-'jws nor-^ l ize i j comparisons between the 

temperature p r o f i l e and a power p r o f i l e 

obtained frorc a water-cooled, movable copper 

probe. The second appl icat ion of the in f rared 

ca~*ra was to view d i r e c t l y the f ron t and 

back surfaces of the water-cooled, copper 

beasn-stor ta rget . Single l ine scanning of 

the bat., of t>e target y .'elded p ro f i l es 

• i i i r i i ^ r tn those in F ig . L-.9, whereas sscnitcr-

ing in the framing mode showed the ef fec ts of 

L/MK/FIO nun 
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Fig. 5.9. Normalized tenperature 
profile of tr.e single-row target compared 
with the normalized power profile obtained 
by scanning the beam with a water-cooled 
calorimeter probe. 

tne ccoiin:: lines and their therr^I contact 
with the target. 

h.i.l £lectrica 1_ JechnoJojjy i*ye_lponent 

During 1978 significant increases were 
made in electrical equipment capability for 
ion source development."-"' These improve­
ments include two new arc supplies capable of 
continuous operation and a new dual-tube 
modulator for development of a new generation 
of ion sources. In addition, a 1975 vintage 
modulator was modified to enable its output 
current to be increased ty a factor of 2. 

For the METF the old 800-A, pulsed duty 
arc supply was replaced by a new design 
capable of 1-NVA continuous output. The 
current rating is 5000 A, with provisions for 
front panel voltage adjustment from 0 to 
200 V with an infinite range of pulse lenn.^.s 
up to continuous duty. Bus bar reconn*„t~ons 
permit further flexibility of operition at 
double voltage, half current. 

Concurrently, a dua'.-tube modulator 
capable of 80-kV, 1C0-A output to an ion 
source accelerating grid was built and 
installed. This METF upgrade work was done 
to support neutral beam injector development 
for the PDX project at PPPL. It also makes 
possible even higher power future developments 
at pulse lengths up to 20 sec. 

For our High Power Test Facility (HPTF;., 
t new 2G00-A, 416-KVA continuous rated arc 
supply replaced the previous pulse-limited, 
800-A unit. The accelerating grid modulator 
as originally designed consisted of three 
series-connected tetrodes for high voltage 
switching at 60 A. Because the preliminary 
PDX ion source design work required 100-A 
capability, the modulator was modified to 
allow reconnection of any two of the three 
floating decks In parallel. This work not 
only supports present Ion source development 
up to 120 A, but it also makes possible the 
extension to pulse lengths of 20 sec In 
addition, for future cost savings, the perfor­
mance of the equipment demonstrates the 
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feasibility of designing modulator decks 
ssing series-connected tubes For high voltage 
that can also be parallel-connected for high 
current. -

>.3 VACUW COMWEKTS OEVELOfKUT 

5.3P.I- Beam Line Cryosorption Pump . 

The 2-m2 inlet area cryosorption p^mp.1*6 

- originally ordared fres Excalibur Corporation 
- of feltham, ftoisachusettSjr »s now oeing 

completed in-nouse, an^ExcaljKwr has been 
released from its contract obligation. Thê  
sorption panels; outer vacuum canister, and 
cryogen trapifer asse*j>lies are finished, fin 

\c oil-free helium compressor package for the 
pump cdo'ing system was built up and tested, 
an-i the heliir. supply piping was in<,ialled on 

/ t h e HETF platform. 

5.3.2 Energetic Particle Pumping1*7 

In order to test cryosorption pumps with 
the high enersy hydrogen particles encountered 
in divertov- and beam line environments, a 
small cryosorption pump was borrowed from Los 
AUTAJS Scientific Laboratory (LASL). It has 
two- chevrons at 80K and 15K to intercept 
thermal radiation, precool incoming gas, and 
trap contaminants. The pump maintains pres­
sures in the mid-10"*-Torr range with ion 
pulses from a 10-cm source, ion pulses 
100-ffisec long with energy a.v* current up to 
60 eV and 1 A hav? been injected into the 
pump at the rate of 5 £ulses/min with virtu­
ally no observable differences from the 
pressure pulses obtained with gas alone. 

5.3.3 Vacuum Engineering Data Studies 

The variable panel and temperature 
c/ostat described previously'*6 has been used 
to obtain hydrogen pumping speeds for two 
molecular sieves. A comparison of the average 
pumping speed and temperature for 5-mln runs 
on these two sieves is shown in Fig. 5.10 and 
is leported elsewhere. **8 

( j 

CnCt'ROft TEMPERATURE 

a 2 0 O * . 
O ? 9 * 

o »»-wo* 

MOLECULAR 
S*»^ "•«-* 
3=5 « »tO"*'or»-*A«c 

wOLEcutan 
SCVE-M 
0<30«IO~*>W'-</<tc 

Fig. 5.10. Average pumping .c.e&i ?s a -
function of average temperature fo> 5-jiin runs 
for HS-5A and HS-Na-Y panels at comparable 
hydrogen feed rates. 

It has previously been shown that cryo­
sorption pumps utilizing a 5-A molecular 
sieve (HS-5A) at 4.2.K cannot pump hydrogen/ 
helium mixtures under conditions expected in 
plasma recovery system*.1*9 Hydrogen condensed 
on the front of the panel blocks helium 
sorption. To circumvent this problem, a 
compound pump concept has been developed in 
which hydrogen is collected on a cryosorption 
or cryocondensation panel in front of the 
helium cryosorption panel. Figure 5.11 shows 
that admission of 42 hydrogen improves helium 
pumping performance and that as much as 102 
hydrogen does not adversely affect it. 

5.3.4 Monte Carlo Simulation of Neutral 
Particle Transport in a System 
Containing Cryogenic Pumping Surfaces 

Some survey calculations were performed 
to demonstrate the applicability of a slightly 
modified version of Cie NORSE Monte Carlo 
radiation trtr.sport code1"0 1n simulating 
neutral partf:le removal from a system contain­
ing cryogenic pumping surfaces. Unlike 
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Fig. 5-11.- Helium accumulation/cycle as a fanction of heliue 
feed rate for hydrogen/helium mixtures on the Excalibur CVR 1106 
cryosorption vacuum pump. 

conventional radiation transport problems, 
cryogenic pump simulation requires an essen­
tially media-free environment where particle/ 
media interactions ^ccur only at the surfaces 
of the various c<- iponents within the cryogenic 
.pump assembly, "hese interactions were 
easily treated oy incorporating a variety of 
internal boundary conditions into an existing 
external boundary condition routine. Neutrals 
incident on a '.iquid-nitrogen-cooled component 
were assumed to reemerge with an outgoing 
angular direction density function equal to a 
cosine distribution about the component's 
surface normal. Those incident on the liquid-
helfun-cooled pumping panel were removed from 
the system by assuming a 0.9 sticking prob­
ability. The 10X that did stick were assumed 
to emerge at angles equally distributed 
within ilO* of 75° from the panel normal. 
For comparison, calculations were also per­
formed assuming a 1.0 sticking probability on 
the pumping panel. 

The primary components of the geometric 
model Included a rectangular pumping chamber 
containing a horizontal pumping panel above 

which liquid-nitrogen-cooled, flat, vertical 
chevrons were placed to shield the panel from 
hot neutrals. The flow of neutrals into the 
chamber was simulated using both isotropic 
and normal source distributions along a large 
rectangular opening on one side of the chamber. 
The sides of the chamber were assumed to be 
cooled with liquid nitrogen. 

A few of the results from the survey 
calculations are given in Table 5.3. The 
normal source distribution yields a slightly 
higher capture rate on the pumping p*nel and, 
thus, a higher pumping efficiency than the 

Table 5.3. Neutral capture on pumping panel 

Source 
distribution 

Neutral captured/witering 
neutral Source 

distribution S.P. a » 0.9 S.P. - 1.0 

Normal 
Isotropic 

0.67 (1.6) b 

0.54 (1.2) 
0.67 (1.7) 
0.54 (1.4) 

^Sticking probability on pumping panel. 
Numbers in parentheses denote one standard 
deviation in percent. 



isotropic source. Tne ;e.o chance in effi­
ciency associates *ith the 10 change in th? 
purging panel sticking probability indicates, 
at least for the design considered here, that 
the sticking performance of the popping panel 
is rot a dominating factor in overall putipinc 

2. 

7. 

8. 

9. 

11 

12 

13 

REFERENCES 

S. L. Kilora ar.o C. A- Foster, Rer. 3ci. 
Instrw. SO, 482 (1979). 
S. I- Hilora, C. A. Foster, P. K. Edaonds. 
and G. t . Schmidt, Phys. Rev. Lett. 42_. 16. 
97 (1979). 

3. C. A. Foster and S. i . . Kilora, P-.ec. 17. 
ru&icti fiictt»i3 4*—.fcihep, p. 117. 1978. 

4. ». L. St ir l ing, C. C- Tsai, and P. H. i s . 
Ryan, Rev. S o . Instrum. 48, 533 (1977). 

5. V. L. S t i r l i n g , C. C. Tsa i , K. H. 

Kaselton, D. E. Schechter, j h. Whealton, 19. 
W. K. Dagenhart, P.. C. Davis, H. L. 
Gardner, J. Kim, n. K. f'«non. and P. K. 
Ryan, "Properties of an Intense 40 kV 20. 
Neutral Bean Source," to be published in 
Rev. Sci. Instrtfr. 

6. C. C. Tsai et a l . . Bull. Am. Phys. Soc. 
23, 748 (1978). 
D. H. Goebel, J. T. Crow, and A. T. 21, 
Forrester, Rev. Sci. Instrum. 49, 469 
(1978). 22. 
0. E. Schechter et a l . . Bull. An. Phys. 
Soc. 23, 747 (1978). 23. 
C. C. Tsai, W. L. Stirl ing, and R. C. 
Davis, P-.oc. Sm>:. ct: ti.t PvJuctfO: tei 24. 
Ktu.fiAti.zxt i^r. o* SVjittvv Ha&wgt,: I .VJ 
and Btami, p. 340 (1978). 25. 

10. W. K. Dagenhart et a l . , Bull. Am. Phys. 
Soc. 21, 805 (1978). 
J. H. Whealton, E. F. Jaeger, and J. C. 
Whitson, J. Comput. Phys. 27, 333 (1978). 26. 
J. C. Whitson, J. Smith, and J H. 
Whealton, J. Comput. Phys. 22, 408 [197o). 
J. C. Whitsor, J. H. Whealton, E. F. 
Jaeger, J. Smith, and R. W. McGaffcy, 
20 CijCindti :&itij Stmrtt-iL- C.-.:\\:'::o:t 21. 
Inl Optics Caie LicJuiUfM fV.uitu f<.\-'-..'t.s. 

Oak Sidu^ "Mtiora' Laboratory ---iort 
CSM./TK-651.Z, Oak Ridije, Te".nesse«; i".978). 
t . J. Drooks, J. *. 'scoter., R. W. 
Koiaffey, D. a. HcCollougfc, and J. «. 
Wheal ton. Bull. An. Phys. Soc. 23. S46 
(1973). 
L. J. Drooks, 0. H. KcCollough, R. W. 
KcGaffey, J ; K. Whealton, and J. H. 
Woolen, 2<iAXT:: A Sumt'^ic/ti Simulation 
o« <*•: •Vjr*»«f.t«c £JccCtt>4&tric Acc.-cv:-
j.%••:. Oak Ridge National Laboratory 
Report 08KL/TK-6740, Oak Ridae. Tsnnessee 
(1979). 
J. &i«, u. H. Kbealton, ami 6. Schilling. 
J. Appl. Pfeys. « , S17 (1978). 
J. H. Wnealton and C. C. Tsai, Rev. Sci. 
Instrum- 49. 495 (1978). 
J. H. Whealton, L. R. Grishaw. C. C. Tsai, 
and W. L. Stirling, J. Appl. Phys. 49, 
3091 (1978). 
W. L. Gardner. J. M*. K. H. Menon, and 
J. H. Wheaiton, Rev. Sci. Instrur. 49, 
1214 (3978). 
J. H. Whealton and J. C. Whitson, 
"Extraction of Aberrationless Hiqh-
perveance Ion Beams from a Quirscent 
Equilibrium Plascj," to bf published in 
J. Appl. Phys. 
J. li. Whealton, Appl. Phys. Lett. 32. 
353 (1978). 
J . H. Whealton, Rev. Sci . Instruro. 49, 

869 (1978). 
J. H. Whealton, Appl. Phys. Lett. 33, 
697 11978). 
J. H. Whealton and W. L. Gardner, Bull. 
Am. Phys. Soc. 23, 747 (5978). 
J. H. Whealton, Seam DcifubutAOfii ioi 
fi'cu&ii'd Souxce&, Oak Ridge National 
Laboratory Report 0RNL/TH-6421, Oak Ridge, 
Tennessee (1978). 
J. H. Whealton, C. C. Tsai, W. K. 
Dagenhart, W. t. Gardner, H. H. Haselton, 
J. Kim, M. H. Menon, P. M. Ryan, D. E. 
Schechf^r, *nd W. L. Stirling, Appl. 
Phys. L m . 33, 2/8 (1978). 
M. H. Menon, W. K. Ownhort, R. C. Davis, 
W. L. Stirling, 1. M. Haselton, J. Kim, 

http://Ktu.fiAti.zxt


118 

P. n. Ryan, 0. E. Schechter, C. C. Tsai, 
and J. H. Whealton, "Power Flow Along a 
40-kV Multioegawatt Neutral Beam Line," • 
to be published in J. Appl. Phys. 

28. J. Kis and J. K. Wheal ton, Nucl. Instrum. 
Methods 141., 187 (1977). 

24. J. K. Whealton, E. F. Jaeger, and J. C. 
*nitsoo. Rev. Sci. I.istrum. 48, 829 (1977). 

30. L. R. Grisham, C. C. Tsai, J. H. Uhealton, 
and U. L. Stirling, Rev. Sci. Instrum. 
4S, 1037 (1977). 

31. J. H. Uhealton, Rev. Sci. Instrum. 48. 
1428 (1977). 

32. J. H. Wheal ton. Pioc. Annual ConViolled 
Fusion Thecvf Con£eMnce, p. I 14 (1977). 

33. J. N. Whealton and J. C. Whitson, Bull. 
Am. Phys. Soc. 23. 151 (1978). 

34. J. K. Wheal tern, "Beam Distribution," 
paper presented at the IAEA Workshop on 
Neutral Injectors, Culham, England, 
June 26-30, 1978. 

36. J. Kim, W. L. Gardner, end K. M. Menon, 
Rev. Sci. Instrum. 50, 201 (1979). 

36. W. L. Stirling et al., Bull. An. Phys. 
Soc. 23, 747 (1978). 

37. J. Kin et al., Bull. Am. Phys. Soc. 23, 
746 (1978). 

38. P. H. Ryan, R. C. Davis, W. L. Stirling, 
and C. C. Tsai, Bull. Am. Phys. Soc. 20, 
1365 (1975). 

39. TheAmonucleoA. Vivision Annual PiogKes* 
Reiwxt &0X the ?vux>d Ending December 31, 
7975, Oak Ridge National Laboratory 
Report 0RNL-5154, pp. 121-123, Oak Ridge, 
Tennessee (1976). 

40. W. L. Stirling, P. M. Ryan, C. C. Tsai, 
and K. N. Leung, Rev. Sci. Instrum. 50, 
102 (1979). 

41. 0. H. McNeill and J. Kim, "High-resolu­
tion Spectroscopic Measurements on 

Neutral Beams and Ion Sources," paper to 
be presented at the IEEE Int. Conf. on 
Plasma Science. Montreal. Canada, 
June 4-6, 1979. 

42. P. M. Ryan, C. E. Bush, R. C. Davis, 
M. L. Stirling, and C. C. Tsai, Bull. 
to. Phys. Soc. 23. 904 (1978). 

43. G. C. Barber et al., PKCC, 7th Symp. on 
EnginteAing Problems <?j fusion Research, 
p. 1564 (1977). 

44. G. C. Barber et al., P\ec. Itk Sgmp. or. 
EngineiMing PHobltm o{ Fusion Reaetuch, 
p. 1142 (1977). 

45. R. E. Wright, THOC. Jth Symp. on Engi-
nevung Problems o& fusion Ktseanck, 
p . 1579 (1977). 

46. fusion Enehgy Vioisien Annual Ploantss 
Kepoxt {o4 the Pexiod Ending Pecembe* 31, 
7977, Oak Ridge National Laboratory 
Report 0RNL-5405, pp. 139-140, Oak Ridge, 
Tennessee (1978). 

47. S. W. Schwenterly, C. C. Tsai, R. C. 
Oavis, and P. H. Ryan, Bull. Am. Phys. 
3oc. 23, 746 (1978). 

48. J. s. Watson and S. D. Clinton (compilers), 
Advanced Technology Section Semiannual 
PKog/iess Report &o\ the Pexiod Apxil 1, 
197$ to SeptembeA 30, 197S, Volume 2: 
Engineering Sciences Pxogtaim, Oak Rid<;e 
National Laboratory Report ORNL/TM-
6647/V2, Oak Ridge, Tennessee; to be 
published. 

49. P. W. Fisher and J. S. Watson, "Helium 
Pumping at 4.2 K by Molecular Sieve 5A," 
to be published in J. Vac. Sci. Technol. 

50. M. B. Emnett, The U0RSE Uonte Canto 
Radiation Txanspott System, Oak Ridge 
National Laboratory Report 0RNL-4972, 
Oak Ridge, Tennessee (1975). 



6. SUPERCONDUCTING MAGNET DEVELOPMENT 
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AbttnaeX. Three major U.S. equipment manufac­
turers, under CPFF (cost plus fixed fee) 
subcontracts to design and build ore test coil 
each, spent the year in detailed design and in 
supporting verification tests. Japan and 
Switzerland joined EURATOK and the U.S. in an 
international agreement that will culminate in 
tests of a six-coil toroidal array at Oak 
Ridge national Laboratory (ORNL). Construc­
tion of the Large Coil Test Facility (LCTF) 
began with preparing the site, pouring the 
concrete base for the vacuum tank in Building 

1. Consultant. 
2. Research Engineering Department, UCC-ND 

Engineering. 
3. UCC-ND Engineering. 
4. Metals and Ceramics Division. 
5. Fusion Energy Electrical and Instrument 

Engineering Department. 
6. ORNL (Y-12) Project Engineering Department, 

UCC-ND Engineering, -~ 
7. On leave from CEN/Saclay, Glf-sur-Yvette, 

France. 
8. Grumman Aerospace Corporation. 
9. Present address: Intermagnetics General 

Corporation, Guilderland, New York. 

9204-1, and forming the tank sections, work 
done by a subcontractor. 

The work of the Magnetics and Supercon­
ductivity (MaS) Section is divided into four 
areas: research and development activities 
(ROAC) in support of the Large Coil Program 
(LCP), advanced conductor development, the 
12-T Coil Program, and magnet design projects. 
The primary emphasis during the past year has 
been the RDAC. Most of the facilities con­
structed have been for verification testing of 
superconductors in support of LCP subcontractors. 
Instrumentation, diagnostics, and protection 
have also made up a large part of the RDAC. 
Another area of work involving considerable 
Interaction with subcontractors is coil fab­
rication technology. 

The advanced conductor development work 
has concentrated on (1) bringing conductor 
force cooled by supercritical helium up to the 
same level of confidence as conductors cooled 
by boiling helium and (2) Improving high field 
NbjSn conductor. 

The 12-T Coil Program started in FY 1979 
as a supplement to the LCP. Its aim is the 
development of a conductor suitable for tokamak 
coils in which the maximum field is 12 T. The 
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conductor .ill be tested in relatively small 
test coils in a l-r-I background field. 

We have also participated in a number of 
design projects, for example, the El MO Bumpy 

- Torus-It (EBT-II) project and the supercon­
ducting cyclotron, principally to carry out a 
conceptual design of superconducting magnets. 

6.i INTR0DUCTI9R 

ORNL has played a leading role in the 
development of superconducting magnets for 
toroidal fusion reactors since the initiation 
of work in this area in 1974. Presently the 
major effort is on the LCP, which has the 
objective of proving concepts and providing a 
data base for design decisions on the toroidal 
field (TF) coils for a tokamak Engineering 
Test Facility (EFT) in FY 1983. This entails 
designing, building, and testing differtn*: 
large 3-T coils in the LCTF at ORNL and per­
forming supporting research and development. 
In addition to the LCP, ORNL is directing two -
projects involving industrial subcontractors 
in the design and development of a large con­
ductor suitable for tokamak TF coils operable 
at fit Ids to 12 T and in the ctesign and 
fabrication of a 1-m coil to test the 12-T 
prototype conductor. ORNL is also advancing 
magnet technology in areas specific to fusion 
applications by developing better analysis 
capabilities and basic design information and 
by designing, procuring, and evaluating small 
quantities of conductor embodying advanced 
design concepts. 

6 . LARGE COIL PROGRAM 

The scope and organization of the LCP are 
indicated by the work breakdown structure 
shown in Fig. 6.1. Progress was made in 1973 
in all areas with the exception of LCTF oper­
ation, which is not due to start untii I960. 
Highlights of 1978 are summarized in Table 6.1 

Table 6.1. Large Coil Program highlights 

February LCTF vacuum vessel contract -
approved 

February LCTF construction begins 
April Japan signs IEA LCT Agreement 
September SMitzeriand signs IEA LCT Agreement 
December Contract let for first major 

component of test stand 
structure 

6.2.1 Program Management 

The program schedule in effect during 
1978 is shc-r, in Fig 6.2. At the end of the 

- year a revision of til ».schedule was under way 
to reduce FY 1980 cos s to meet funding con­
straints. Major changes include deferring 
testing with puHed field until all six coils 
are installed and stretching out coil and 
facility schedules by three to-six months. 

During 1978 the LCP staff, at the request 
of ttiS Department of Energy (DOE), evaluated 
alternativt ways of providing ETF designers 
with the option of 12-T TF coils. The recom­
mendation, later implemented, was to supple­
ment the LCP with the development of several 
types of conductor suitable for 12-T tokamak 
application (see Sect. 6.4). 

The governments of Japan and Switzerland 
signed the International Energy Agency Agree­
ment on a Program of R8D on Superconducting 
Magnets for Fusion atd Annex I Large Coil 
Task (LCT) in April and September, respec­
tively. (The U.S. and EURATOM signed in 
October 1977.) Meetings of the LCT Executive 
Committee and project technical officers from 
each participant were held in February and 
September. Useful exchanges took place on 
coil rooldown requirements and facility 
cryogeni' system design. Supplemental agree-
nents on the exchange of project information 
were reacned, and progress wai made on a 
definition of compulsory sections of the test 
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coil specifications. The three foreign 
programs are scheduled to deliver coi's to 
ORNL between December 1961 and April 1982. 

6.2.2 Test Coils ' 

At the beginning of 1978, the three U.S. 
coil design teams [General Dynamics (GD) with 
Internagnetics General Corporation (IGC), 
General Electric (SE) with IGC, and Westing-
house Electric with Airco] had just begun the 
second phase of their subcontracts: verifi­
cation testing and detailed design. Substar.-
tial progress was made during the year, with 
most of the major technical questions being 
resolved. At the end of December, the frac­
tions of Phase II effort completed were approx­
imately as follows: GD, 90*; GE, 80S; and 
Uestinghouse, 60%. 

EURATOM supported two preliminary design 
studies, focusing primarily on coll structural 
analysis and design, by Siemens AG and Brown 
Boveri Company. The results, with those of 
the earlier conceptual design of the super­
conductor, were used by Kernforschungszentrum 

Karlsruhe to prepare a request for tenders 
from European industry for coil design and 
fabrication. The Japan Atomic Energy Research 
Institute organized a team involving six major 
industries and in September initiated an 
effort to produce a test coil design that 
would serve as a basis for competitive fixed-
price proposals in 1979. The Swiss effort, 
under the direction of the Swiss Institute of 
Nuclear Studies and including the Federal 
Institute for Reactor Development and Brown 
Boveri Company, moved from preliminary studies 
into the design phase in the last quarter of 
1978. 

The principal features of the six test 
coils are summarized in Table 6.2. Although 
designed to meet the same performance speci­
fications, the coils are diverse in internal 
design, reflecting independent approaches to 
the hitherto unresolved problems of such large 
coils. Three coils use bath cooling by 
boiling helium; three are cooled by forced 
flow of supercritical helium. One uses a 
Nb,Sn conductor mounted in a unique bolted 
aluminum plate structure. The other five are 
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Table 6.2. LCP test coi l features 

GD/Convair General Electric westlnghousc 
2.5 x 3.5 m 

EURATOM Japan 
2,5 x 3.5 in 

Switzerland 
Core bore (specified) 2.5 x 3.5 m 2.5 x 3.5 in 

westlnghousc 
2.5 x 3.5 m 2.5 x 3.5 m 

Japan 
2,5 x 3.5 in 2.5 x 3.5 in 

Peak field (design, 
specified) 8.0 T 8.0 T 8.0 T 8.0 T 8.1 T 8.0 T 

Ampere turns (design) 6.65 x 10* 6.98 x 10(l 7.36 x 10( 6.62 x 10r' 6.V6 x 10- 6,6 x 1G1' 
Conductor current 

(design) 10.200 ' 10,450 16,000 11.000 10,210 15,000 
Conductor natfcrial NbTi NbT1 Nb,Sn NbT1 NbT1 NbTI 
Conductor configuration Flattened cable in 

extended-surface 
copper bar 

\f subelements 
spiraled 
around 
copper core 

Cablft (Insu­
lated 
strands) 
In square 
conduit 

22 subelementL 
splraled 
around 
CrN1 core 
inside rect­
angular 
conduit 

Flattened (.able 
1n rough-
surface 
copper bar 

Solder-rilled 
cable sur-
roun<»d by 
helljm-fllled 
copper cable 
In square 
conduit 

Helium conditions Pool boiling 
(4.iK, 1 atn) 

Pool boiling 
(4.2K, 1 atm) 

Supercritical 
forced flow 

Supercritical 
forcud flow 

Pool boiling Supercritical 
forced flow 

Winding configuration Edge wound in 
layers (14) 

Flat wound In 
pancakes (7) 

Laid In spiral 
grooves in 26 
structural 
plates 

Flat wound 1n 
pancakes 
(7) 

Edge wound In 
pancakes 

w 
Pancakes (12) 

Structural material 304L stainless 
steel 

316LN stainless 
steel 

2219-T87 plates 
A286 bolts 

Stainless steel 
similar to 

, 316LN 

3041 stainless 
steel 

Stainless steel 
similar to 
316LN 

Structure configuration Fully welded case Welded case with 
bolted 
closure 

Grooved flat 
plates, 
bolted 

welded case 
with bolted 
or welded 
closure 

Welded case 
with bolted 
side plate 
Closure 

Doited case 

hifk 

i&'VA o. ; « • < 
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similar in usina NLT i (.or.'.tuctm", ..rv} a h«-.ivy 
•stainless steel case for the structure- but. 
differ significantly in conductor and winding 
confjgurjrion. Ai": appear practicable. It 
auwars, therefore, that ETF Rdgnet designers 
will he abl" to choose from among different 
coil designs on the basis of firm data on 
laanufacturing costs and operating performance. 

The coil specifications were revised in 
197fc to incorporate iqfomiation obtained 
during fhc conceptual design efforts. .• Prin­
cipe 1 changes had to do with structural 

^analysis end diagnostic instrumentation of the 
"is. 
^Accurate prediction of stresses is essen-

teto reliable operation and safe testing of 
srunder extended conditions. Specifica-

;,vfctdn changes were made to improve the accuracy 
and efficiency .«f tne process of linking 
analyses of different parts of the complex 

. ". structure of test stand and six different::-'-' 
ctn'ls. ORHL analyzed a mathematical model of 

" the complete amy using stiffnesses projected 
from conceptual designs to generate a ^et of 

'.-""', - values for displacements and-forces at inter-
v ">tr faces -under each prescribed test condition. 
-•[*&• Each coil design team then imposed the spv..-
' '•*- SfieA displacements on tJieir coil model and 
; jiff^-caTcBlated resulting stresses and forces. As 
:. ..Va, check on the different proprietary anitiysis 

programs being used, each team calculated a 
benchmark problew. Good agreement was found 
for th& test case. 

The test coils will incorporate temper­
ature, voltage, and strain zcr,~,ore-^or jjsp_jn_ 
the protection systems and in the determi­
nation and analysis of the mechanisms (mechan­
ical, thermel, and electromagnetic) that set 
practical limits orvoperability. Analysis of 
conceptual designs led to specification of 
sensors at critical points, with levels of 
redundancy appropriate for safety and data 
acquisition. 

Important accomplishments by the U.S. 
coil teams during 1978 included verification 
of adequate heat transfer to boiling helium 
for the GD and GE conductors in various 

orientations and of a-xef'taMt.- pre-Siure drop 
in the jiestingnouse conductor. Manjfacturir/; 
deveioin-urtil included » strand insulation 
process by Westingnouie, a jacketing Droces. 
by Airco, conductor winding and soldi: ir.g by 
IGC, and practice wincing by GRf.L uf a con­
ductor similar to the GL and GE designs. 
Additional data on structural materials were 
Gbtained [from other programs sponsored by the 
Office of Fusion Energy (0F£)], and progress 
was made on the difficult structural design 
problems of the LCP coils. 

As.the work progressed, information being 
generated in the LCP by test coil verification 
testing and design was periodically summarized 
and disseminated to all participating organi­
zations. There was continual interaction 
with other U.S. fusion magnet programs "and ETF 
(formerly "The. Next Step) design .'earns, witfi 
mutually beneficial results. 

6.2.3 Large_Coil J_es_t_ FacjMit/ 

A subcontract with Pittsburgh-Des Moines 
Steel Company (POM) for the design and con­
struction of the 11-m-diam vacuum vecsel was 
approved by D0E-0R0 (Oak Ridge Operations} on 
February 28, 1978. Soon thereafter stainless 
steel plates procured earlier by ORNl were 
delivered to PDM. During the course of the 
tank design, UCC-tiD revised the specifications 
to reduce the design pressure from 2.0 to 
1.1 atm, simplifying the closure design. The 
contract was also revised to have the vacuum 
pumping system required for acceptance test­
ing provided oy UCC--ND instead of by PDM. By 
August design was virtually complete, but a 
protracted strike in a PDM plant delayed the 
forming of some of the tank sections; this 
work had not been completed by the end of the 
y--ar. 

Using drawings produced by UCC-MO, the 
on-site construction contractor, Rust Engi­
neering, stripped the portion of Building 
9204-1 tn be occupied by the vacuum vessel, 
der.o1.iwhed interfering structure, excavated to 
bedrock, and poured a b-ft-thick concrete slab 
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to serve as the tsase for the vacuus, vessel. 
This work was completed in July. 

Thecal and structural analysis of the 
test stand structure was completed by UCC-ND 
Engineering, with support fror- subcontractors. 
The concept of the torque structure was 
revised to provide a continuous ring at the 
top anJ bottor. of the coils rather than 
intercoil beans. This concept, with suitable 
shims, allowed for differential thermal con­
traction of the stainiess steel and aluminum 
coi Is. 

In August specifications for the bucking 
post at the center of the test stani were 
issued. Two proposals were received for 
forging and puchining the 32-ton post, but 
one contained unacceptable exceptions. A 
contract was let in December to Japan Steel 
works of America, with delivery scheduled for 
January 1980. Ths material is to be type 
304N stainless steel, the least expensive 
inaterial meeting strength requirements. 

The desirability of high duty cycle 
operation led to a decision in March to 
augment the LCTf helium refrigeration capacity. 
Because three of the six coils will require 
forced flow, preliminary steps were also 
taken towards the development of 150-g/sec 
helium pumps. This effort was discontinued 
when it appeared that the NbTi force-cooled 
coils might require even higher flow rates. 
Modification of the refrigerator to use the 
compressors to provide the helium flow would 
not only be more efficient than the use of 
pumps but would also substantially reduce 
facility capital costs. 

6.2.4 Research and Development Activities 
(RDAC) 

The RDAC is an integral supporting part 
of the LCP, containing those ROAC tasks not 
done by the industrial arm of the LCP but 
necessary to develop conductors, methods of 
stres' analysis, and fabrication and to 
conduct materials property and design-specific 

neasurenents leading to the iesign and fabri­
cation of intermediate size 2.5 x 3.5 m 
bore) coils. Sorte activity n supaort of ti.e 
LCTF has been initiated. W'.rk on instrumenta­
tion and diagnostics, coil protection and 
system safety, and cryogenics and refrigera­
tion has been carried out. In order to 
disseminate the info.iaation widely, a good 
deal of the RDAC wis published or presented 
at technical meetings. Only abstracts of 
these activities will be given below. 

Conductor measurements 

Critical current measurements were con­
ducted on all three grades of sample GD LCP 
conductors amJ on two Large Coil Segment (LCS) 
conductors having tne sanw general configu­
ration and manufacturing process as the GE LCP 
conductors. 

GO conductor. The results of the con­
ductor verification tests for GO were quite 
encouraging. All three grades of supercon­
ducting cable rnnde by IGC for GD were tested 
in our new high current (20 kA), fi-T split 
solenoid facility, and the critical currents 
were found to exceed the guaranteed values. 
The operating current for the GD coil in the 
LCP test coil position will be 10.3 kA, at 
which condition the peak fields in the three 
grades of conductor will be 8, 6, and 4 T. 
Cable test results are as follows. 

rade 
No. of 
Strands 

Design 
field, 

T 
Field 
in 

test, r 

Cable critical 
current. kA 

Guaranteed 
at test 
field Measured 

I 23 8 8.0 13.3 14.4 
II 15 6 6.8 13.5 15.2 
in 11 4 5.5 13.75 14.3 

A check on the above results was made by 
dividing the critical current for the cable by 
the number of strands for each grade and 
comparing it with earlier measurements en 
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C; i.oi ;.JC'or. snort >a'-ple ;easurf»->er.ts 
•»̂-'<; also per'o-'..:̂ -j or. two *JC conductors 
•.:-;'; :r tut not identical t'j the- conductor 
f.it «sli te used by GE :'or their LCF coil. 
->,..>. ,• inductors jre rAde of square, copper 
sjtei-r-ents twiste-l acout and soldered to a 
'•o .-..in-;.;" jr core. A twistc-j Superconductor 
cat-Ie !•- spidered into a jroove in tie sub-
•_•!'"• er.ts. One conductor has the supercon­
ductor against the core; the other has it away 
fror. the core. These conductors were orig­
inal 1> intended for a LC5 test where the 
operating current was 10 kA at °, T and were 
procured on competitive tid to 0P-NL-prepared 
•jpeci fixations. The short sa~.pie current I 
for both conductors was 15.G kA at '6 T. (Tr.e 
differences, if any, were within the experi­
mental scatter.) The observed critical 
current WAS unexpectedly high in that the 
specified /alue was 12.5 kA at c T. That \^ 

was substantially higher than the specified 
p-.ininurn was partially due to an unintention­
ally large filament diameter. 

Westinghouse conductor. Preliminary 
qualification tests for the Westinghouse con­
ductor ujiisisted of tests on a second Kt>Ti 
single triplex conductor witn an internal heater. 
The interstices between the superconductor 
strands in the second sample were filled with 
solder to exclude helium inside the triplex 
where the heater Is located. Another feature 
of the present experiment was added tubing and 
instrumentation that made it possible to 
measure directly the local pressure rise. 
Contrary to the hypothesis that expansion of 
helium trapped in interstices around the 
heater wire might be responsible for the high 
stability margin observed at zero bulk flow in 
our previous insulated triplex sample, the 
second sample showed an even higher stability 
margin. *n a variation of the present tests, 
10-m sections of simulated hydraulic paths 

*c:rt- ir.corf-rat*'* to'" *?strea- and Gownstroa-
: rijr" Th-- •. '-, -- - 'cr*; ia-T-l~. 'he simulated 
'•yiiraulic yiths nj.j t"e '.a-* ̂ "iu~ ..rcss 
section as th,» iar̂ -le an.; also contained 
heater wi>v>',. '.' was found that the added 
sections affected the pressure relief wave in 
the sample somewhat hut did not significantly 
reduce the stability -targir.. It h»d Seen 
hypothesized that a local pressure rise would 
explain some additional experimental obser­
vations on the first triplex. It was observed 
that the recovery tir.e decreases as tne 
transport current increases. For example, it 
ranges from 10-1^ msec at 300 A and fror; 
45-55 msec at 200 A. Computer analysis also 
indicated a higher effective heat transfer 
coefficient at higher transport currents. A 
possible explanation for these observations is 
that at higher currents the joule heating is 
larger when the conductor goes nornal and this 
results in higher transient pressure and 
therefore higher local flow. 

Theoretical work was initiated to obtain 
a better understanding of the experimental 
reservations of both triplex samples, jresner 
succeeded in deriving formulas for the pres­
sure rise and fluid velocity of the thermo-
acoustir waves induced in stationary super-
r i'.i<-a 1 helium by rapid heating. The formulas 
predict pressure rises 1 atrr, and fluid 
velocities 1 rn/sec as a result of heat 
transfers to helium of the order of 50-200 
mJ/cm' in 10-20 msec. It is believed that 
these high induced fluid velocities are 
responsible for the good recovery noted in 
cable-in-conduit conductors at zero ambient 
flow. The present work will be compared with 
a subsequent series of experiments to be 
performed on the Westinghouse LCP conductor. 

Measurements of̂ Jjtabijjjjty_ of Cabled Super-
c.°. ,L(l.u.c. tP.r.s.. .Aw? J.?A J U L DS>^^3. i . u P, e . r . c . r . tL i c i i 
Helium.1 The concept of stability in super­
conductors cooled by forced flow of super-
criticul helium is somewhat different from 
conductors cooled by pool-boiling helium. 
The crucial point is whether such a conductor 



car. recover fro>~ 3 large ;*eposTt;on of t ^e r^ . 

fc'cfcrc the cryogei is neacec f.c a Ice" ; t * a : 

prohib i ts recovery, '.r an invest igat ion of 

the s t a b i l i t y of' f o rced - f i c * conductors, i t 

is usually necessary to use ind i rec t methods 

Of heating t r» conductor i n i t i a l l y , such as 

by an externa! pulse c o i i . However, in using 

Such ind i rec t methods, i t i s essent ial to 

determine accurately the time development and 

iragnitude of the energy deposi t ion. We use 

ac loss techniques to examine pulse co i l 

heating and compare those resu l ts wi th 

extensive measurements on a spec ia l ly con­

structed sample containing an embedded heater. 

Pressure Drop Measurement on Forced Flow 

Cable Conductors.* Forced-flow cable con­

ductors being developed for use in LCP co i l s 

and other large superconducting magnets 

u t i l i z e superc r i t i ca l helium f lowing through 

narrow, uneven channels wi th large cooi ing 

surfaces. Extensive measurements on the 

pressure drop of a var ie ty of samples were 

performed. Ic was found tha t the data points 

of f r i c t : ? " . factor vs Reynolds number i r e 

clustered together and behave i n a universal 

nay. A f r i c t i o n factor two to three times 

higher than in the smooth tube value in 

turbulent helium flow regime can be expected 

f o r th is type of conductor. 

Measurements of Travel ing Trans i t ion Zone 

.''long A Superconductor. ^ The spat ia l va r ia ­

t i on of the temperature in a t rave l ing super­

conducting normal t r a n s i t i o n zone can provide 

valuable information on t ransient heat t ransfer 

i n r e a l i s t i c c o i l condi t ions. In tn is paper 

temperature wave curves are present3d f o r 

several transport currents corresponding to 

propagation 2nd recovery i n a high magnetic 

f i e l d . The temperature p ro f i l e s have been 

constructed in the form T = T (x + v t ) by 

measuring the wave ve loc i t y and the tempera­

ture a t one point as a funct ion of t ime. The 

temperature i s measured d i r e c t l y wi th d i f f e r ­

en t i a l thermocouples; simultaneous voltage 

measurements provide a continuous temperature 

reference in the current-shar ing region. 

'.nforrtdtion i i ^iven a ^ j f thenrcoujrl i? c a l i ­

brat ion in tfie riiqn .-aanetic f ' :e!. l ar,i about 

the terperature and r ugne t i ; t ' . o l i dependence 

of the thermal conduct iv i ty of the sample. 

AC_loss measji/iefKnts 

In FY 197ft the d i rec t i on of the pulse 

c o i l p ro jec t was d iver ted from c o i l develop­

ment to conductor ..-- loss s tudies. A 2000-A, 

300-V bi-polar supply was i n s t a l l e d , and f i n a l 

acceptance tests were completed. I t i s now in 

service fo r test ing pulse c o i l s and ac losses 

in small samples. This f a c i l i t y (power supply 

plus ac loss experimental equipment consis t ing 

of a 5-T pulse magnet, nonmetall ic dewar, and 

diagnost ics plus data acqu is i t ion computer) i-> 

unique and provides us w i th an unmatched 

c a p a b i l i t y . The fabr ica t ion of a 300-kJ 

pulse c o i l , which w i l l serve as a f a c i l i t y 

magnet, was proceeded by the purchase of a 

low-loss pulsed conductor developed in th is 

p ro jec t . 

Transient Loss Analysis dnd .Measurements 

on Normal Conductors and Composite .Supercon­

ductors. 1* An equivalent c i r c u i t technique is 

presented for the ca lcu la t ion and measurement 

of eddy current losses in conductors under 

t rans ient external f i e ld * , , i t is demonstrated 

that such techniques can y i e l d sa t is fac tory 

resu l ts through a much simpler mathematical 

process than that encountered in the con­

ventional f i e l d theory. 

Experimental techniques and resul ts c f 

t rans ient loss measurements on both normal 

conductors and superconducting composites are 

presented to v e r i f y the nodel and explore i t s 

l i m i t s . 

In te rac t ion of Transport Current and 

Transient External F ie ld jn^Composjte_Con^ 

doctors.. r ' Invest igat ions of t rans ient f i e l d 

losses in superconducting composites carry ing 

t ransport current are presented. The magneti­

zat ion and terminal voltage of i. var ie ty of 

composites have been measured as a funct ion of 

t ransport current and external f i e l d . The 



) •'•-•,••'. - t r . - d'-.i i , . • • • • : , 1 ' , : •,•»••' .;•• • .) . o - t : • . • ' . ; ;• 

iois<="> ar.<: V. ,sp-> ;ue to •1/r.anc r r t l ' . ' i . ' t . . 

-f"".i"i* . J1"*- i"'v-.»T:*r-:: far i i ' j w l ; cn- ir j i r . ; 

•Mtf-T.,11 " i c i -S wr,»-r»- !r.e " r i ' j f t t i ^ i " ion i OS'->•?. 

;rV ;:,if.;!, ' 1 , t '-ri-t l i . jfl:1 for r j . J ^ r r,)t.-', .f 

•:r-i:- ;•• •• '.[ «'••!-»- :.O-J,I! i "g 1 .v.-,.;••• --."'c 

Losses in V j l t l f i !,irv-n" \t> !>: r uiercr-r,-

ay. tcrs LV-.inieci for rinh i: App! ic . i t ions . ' Ir. 

I>7" ICiC tegan a c<>> ;.r--r,er-.we prograr fur-ded 

r., the A i r Force Vater ia ls ;.-tr ' .rator/ ••',• 

eslat.-! isr, the Mnufact ; r i r r ; technology <>' 

r u l t i f i la. 'ertary Jib Sn superconductor-, to reef, 

a str ingent set o f design spec i f i sat i w , : 

( I ) 200-OGG-A. c r i t i c a l current as wound en a 

l - in . -bend dianeter at 7 T and 8K. -(/} suf­

f i c i e n t conductor current density to ensure an 

overal l winding current density of ! / ! 0 ' 

n/cr at ? T and ':'r, [s, s u " ;.. ient copper for 

Stan!. uerforrance und->r f>- J:-O-J<> condi t ions, 

arsi (-1; <-<>r..< i-.tor loss'-. " ..i enr.ui'-. ' . ' . i r in; 

f i e l d r.v: , ,:t <.t'.<-\ ,:' ni';S •:' !'• "/-,•"-;. tr, 

t.-r. ...'•• , : !.'-%', •.'.-'•-. :,-• r;-,i \;\ »iri<\'.r-. *e-: r-

The progression of conductor designs 

througn th is prograr nas bo-?n guided by an 

evolving general model fo r losses in ind i -

vidual cable strands. This paper describes 

the loss nodel and f i ve separate loss and 

paqneti j 'af ion measurements made e i the r to 

conf irm that ant ic ipated losses have been 

achieved or to provide soeci f ic parameters 

necessary f c r accurate use of the model. 

T. h*?retir.:al analysis 

Stab_i_l_1_tiy_ of iabjj>j-Jn_-tonduj t , / o rce -

Cooled Conductors: EJmenury Thepry . 7 The 

recovery of cable-in-condui» conductors cooled 

by supe rc r i t i ca l helium has been studied. The 

i n i t i a l per turbat ion is a sudden, uniform 

deposi t ion of heat. The problem has been 

so lved, and answers have been obtained in the 

form of simple closed formulas under the 

s imp l i f y i ng assumption of constant thermo-

physical p roper t ies . S tab i l i t y -op t im ized 

conductors have been i d e n t i f i e d , and simple 

:'•' ' : • • : •.Gn-tis.to'-. ;•, -^j•;::*.-'.*• - : . izrt-

.'•' -" '-•*. '-•;.*'•": -ft', r' " : ''.*;•' *;t a i . *"^.'€ 

*.<..>•- ir,^}yr/.---;, ctr,(i i t n*s been ueteT—if-ei t^a* 

••••••• tr--.e e > ; e T i - r , t , ••••:• e f f ec t i ve neat 

tr-ir.-.ftr ^.-..efficient praroted fcy t rans ient 

• to * 'liirinq the period of recovery is aopfo*-

:--it->l> l.V,0 * : - • .-- . 

i. ; tr!C;.tior,_ o/_ Current_Ajrcins the_F_il_a^ 

"•e_'-tb o; j Wul t j f '.lir*P_*^ry Superconductor 

'•- '.°> e. JP-^f*. .».n?.!AL.'=*.4?.- ^ ^ <IJstr ibot ion 

of c j r r r n t anong the f i l asen ts of a m u l t i -

f i la . r^ntary superconductor i s ca lcu la ted as a 

function o*" distance along the conductor from 

•.i..- input lead. Also calculated i s the 

•.-oltage d*op per o > t length alon^ the surface 

i f t»3 conductor as a funct ion of distance 

fr.-y the input \*a<i. Knowledge of the voltage 

<r,-,;. !< nel; . fui in determining how close to 

>r:;.:jf ]<-^;i'-. to place voltagf.- taps, especial ly 

in f..-,.r,.!.irtor-, wi th a iarge r.. itr i< r e s i s t i v i t y , 

••-.:., 'ib rr. in CuLn. The tneory is cor;p.>.red 

t ' ' . r -er ; .r-r,t ..•'** j ^ t >s*.":cf ory res i i i t ' i . 

Instrumenta.t.'PP. apd.P,"3ta acqu is i t ion 

The data acquisition system designed for 
the Largecoil Segment Test Facility iLCSTF) 
has been delivered and is in operation. The 
system will be expanded for use in the LCTF by 
the addition of nenory and a reel-to-reel tape 
drive to the display/storage minicomputer and 
by the addition of satellite buffer computers 
for recording fast data froci t.ie LCTF coils. 
Data acquisition software development for the 
LCTF is being performed by ORffL Engineering 
according to criteria supplied by Magnet 
Development Program personnel. 

Further testing of strain gages was 
carried nut in ]'V7. Measurements of the 
temperature dependence of the magnetoresis-
tance were performed in the range of 4.2-4.5K 
and showed that the same resistance correction 
curve ran be used over the entire range. 
Other tests were performed on intrinsic half-
bridge-type strain gages and demonstrated that 
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The dottle-shielded trrfns'orr^r/carrier 
ar-p 1 if ;*r s c h c * cev<flooed for use .>ith strain 
r:.i:;es on surfaces at high potential (such as a 
~agr,et conductor at h'qn potential) was suc­
cessfully tested on Impurity Study Experiment 
(ISx; c r i K . After removal of tne insulating 
covering a*, the measurement points, strain 
gages were cenented directly to the bar^ 
copper conductor. 

Several cryogenic pressure transducers 
for low temperature use in the ICFF were 
purchased and are under test. Several of the 
devires received have been suojected to thermal 
eye! ng and have exhibited no signs of failure 
after ,CVL - al cycles from room temperature to 
liquid heliuP temperature. A nore extensive 
series of tests is planned for these trans­
ducers. 

A voltage-tap isolation/conditioning unit 
was fabricated in the shop and tested. The 
unit meats LCTF requirements. _ 

A one-foot segment of the GD LCP conductor 
was instrumented with a heater and thermo­
couples, and transient heat transfer tests 
were performed on it. Readout of the nany 
•rar.sducers was accomplished by a data acqui­
sition system. 

Finally, a significant, part of the 
instrumentation effort was dedicated to working 
with GRHL Engineering in the design of the 
CTF instrumentation system and monitoring 

the instrumentation efforts of the LCP coil 
contractors. 

Moving. CoiJ Lj.n?.lr. XarJ"LRjjL_P_i f Cerent ia.l 
Transformer.-' A moving coil linear variable 
differential transformer is described. The 
device is essentially interchangetble with a 
conventional moving coil linear variable 
differential transformer but is virtually 
unaffected by ambient magnetic fielns up to 

- ". *e trans.iu "r is <.onrvi.tr J tr a 
•.*j',:ar\:, ^.vTvr.;!'!!'. .K.ii'it'o carrier 
.!": 1'••" ii»r *fr siij'i.i! ..•.••n.ti t i.iniri ;. 

Ceil protection 

Current profiles for coupled supercon-
rijctim; r.ajnr-ts. There arr- a large number of 
testing (onditions in the LCP. The number of 
"F coils and their relative locctior, may 
chan.j'-. The piilse coils ray operate in series, 
or the pulse coil power supplies r.:ay be 
connected in series to drive only one pulse 
coil. The current in the TF coils has several 
different extended operating conditions. The 
operation may be charging, discharging, partial 
dump, or complete du"sp. To ensure the struc­
tural and electrical integrity of both the 

Ise coils anc TF coils, the current profile 
need; to be computed for the various combina­
tions of possible operation conditions. 

Several codes were put together for 
computation of coil inductance (both circular 
and noncircular coils) and current transients 
during various quench/dunp conditions. 

Current profiles for LCP and TfiS coils 
during discharge have been computed and 
documented. Results are used as input to the 
LCP design tean> for loading assessment and 
comparison for worst, case conditions between 
the LCP and TNS. 

Real-time monitoring for najnet variapje.s. 
TF coils, once charged up, will be operated 
continuously. Thus, important variables for 
magnet protection (e.g., pressure, tempera­
ture, strain) need to be monitored in real 
tiiise to give the operator the current status 
of the magnet. Furthermore, for heating pulse 
experiments, a pictorial display of tempera­
ture/normal -zone profile and time history 
gives more complete information about the 
event <TI progress and alerts the operator of 
potential troubles. This information is vital 
for the decision on whether to initiate a dump 
or rillow the magnet to recover completely to 
the superconducting state. 
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Two PDP-12 assembly language program 
werp written for magnet monitoring a^plicd-
ttor.. One program {TVPTAB) is used to trans­
late information input, such as magnet variable 
nanes, units, and voltages, fro» teletype to 
engineering unit conversion tables and from 
8-bit AbCII into Z4-bit character pattern and 
store i t en magnetic tape. 

The second program reads the above data 
from tape into core then goes into a refresh 
display/update data sampling loop. During 
update, analog-to-digital channels are sampled 
and input data converted into address pointer 
points at the corresponding engineering ikpt 
character pattern of the conversion table. 
Then the refresh routine outputs these 
characters on screen. 

Eddy current code development. The eddy 
current code developed last year Mas further 
improved in two respects. Instead of pertur­
bation-polynomial expansion, the temporal 
behavior is now solved by Runqe-Kutta method, 
which is more general and applicable to 
problems associated with shielding and skin 
effect . Also, the efficiency of the program 
has been improved by introducing symmetry 
options, including the symmetry for TF coil in 
a rokamak. 

Computation of Transient 3-D Eddy Current 
in Nonmagnetic Conductor.'0 A numerical 
procedure was developed to solve transient 
three-dimensional (3-0) eddy current problems 
for nonmagnetic conductor. Integral equation 
formulation in terms of vector potential is 
used to simplify the matching of boundary 
conditions. The resulting equations and their 
numerical approximation were shown to be 
singular and to require special handling. 
Several types of symmetries were introduced. 
They not only reduce the number of algebraic 
equations to be solved, but they also mod'.fy 
the nature of the equations and renoer them 
nonsingular. Temporal behavior was obtained 
with the Runge-Kutta method. The program was 
tested in several examples of eddy currents 
ror i ts spatial and temporal prof i les, shield­

ing, bojndary surface ef fects , and application 
of various symetry options. 

development. In developing superconducting 
magnets for future fusior. irvachines, various 
nonstandard waveforms are needed to simulate 
different types of heat-releasing events in 
the conductor. A dedicated PWC was bui l t 
based on the Intel 3080 family of chips to 
enable the experimentalists to enter easily 
the waveform desired from keyboard. 

A Programmable Waveform C o n t r o l l e r . a A 
PMC was developed for a voltage waveform 
generator in laboratory. I t is based upon the 
Intel 8080 family of cnips. The hardware uses 
a modular board approach, sharing a common 
44-pin bus. The software contains two 
separate programs. The f i r s t program gen­
erates a single connected linear ramp waveform. 
I t is capable of bipolar operation, l inear 
interpolation between input data points, 
extended time range, and cycling capabil i ty. 
The second program generates four independent 
square waveforms with variable duration and 
amplitude. 

Structural analysis and materials tests 

Theoretical work has been completed that 
extends the previously reported work on the 
problem of finding bending-free toroidal shell 
shapes. This new work finds bending-free 
toroidal shell shapes for nonideal magnetic 
f ie ld distributions. The calculated shapes 
for the meridian of a bending-free toroidal 
shell have been shown to be eccentric 
ellipses for low aspect ra t io , becoming mort 
nearly circular with increasing aspect rat io , 
for aspect ratios greater than 2.5 , the 
meridians are essentially circular. The 
effect of nonideal magnetic f i e ld distribution 
was 'ound to cause a modest change in the 
shape of the meridian. The importance of this 
work is that the D and oval shapes should be 
modified to more nearly circular shape when 



r e a l i s t s c i t -o '*-piane s t r j c t j r e is jr.c^ude-d 
ir. •>••£ -- ini-ur-renCir.g ca l cu la t i on . 

"*£ j rachics-Grien-ed In teract ive F in i te 

Element Tine-Scaring S . i te^ CGÎ TSJ ftab f̂ een 

raintair .ed anj supported to respond i ; j i cOy 

and e f f i c i e n t l y to the wide var iety i»f s t ruc­

tu ra l analysis problems tr.at ar ise daring t re 

course ot superconducting r-,a<jnet design. 

However, there are several classes of problems 

GIFTS cannot address because of e i the r problem 

s ize or lack of c a p a b i l i t y . These pro?tens 

have been di rected towards the SAP code or 

some otner s t ruc tu ra l analysis code. An 

in ter face has now developed between the 

Uni f ied Data Base (UQB) o f GIFTS and S > , 

thereby al lowing f i n i t e element models to be 

generated wi tn GIFTS and then ana Iyre1 w i th 

SAP. This w i l l great ly reduce the sian-hour 

time necessary to generate a f i n i t e element 

model fo r SAP. 

A computer code u t i l i z i n g the f i n i t e 

element method to solve the reduced magneto-

i t a t i c po tent ia l problem has b^en w r i t t e n . 

C lear ly , there are advantages to using the 

f i n i t e element method. I t is a d i f f e r e n t i a l 

rather than an in tegra l method (such as 

6FUN30); therefore, the assembled coe f f i c i en t 

matr ix i s sparse and banded. Further, t he 

reduced scalar formulat ion requires only one 

unknown per nodal point instead of three for a 

Cal ly 3-0 vector po tent ia l ca l cu la t i on . Ther>e 

fac ts produce a great computational economy. 

The resu l ts of the app l ica t ion of t h i s code to 

a two-region i ron problem wi th a known ana­

l y t i c a l so lu t ion are very encouraging. 

Theoretical work has been completed on 

the theory of contouring on isoparametric 

surfaces. Work is progressing on a general 

purpose f i n i t e element postprocessing computer 

code using th is theory. 

Materials e f f o r t s during FY IS" .iave 

concentrated on the LCP. The pr inc ipa l e f f o r t 

has been monitoring the indus t r ia l contractors ' 

materials e f f o r t s , i n te rp re t ing the i r problems 

to LCP management, and discussing management 

decisions w i th contractors ' material per­

sonnel. Ex is t ing mechanical test ing equipment 

*•.»•- tv^r -%.di*•••.?•! t j A'_.;..:rf data ne.e^sar-. 

•C" tne LC r a id not ava i l a t l e elsewhere?; i t 

t i l l be avat laMe far t-.'ner !est-; a> iee<s^J. 

Incut. t^ the tC'F design tear has also beer, 

provided as requi red. 

Sending Free Joro ida l Shells for Tokamak 

fusjpn S«?_a-.tcr< With "«onideal Jbonetic f i e l d 

D is t r ibu t ions . - This paper describes an 

entension of mathematical solut ions to bending-

free shapes of to ro ida l pressure vesseis. 

Previous work or. t h i s subject derived a pure 

tension shape of a to ro ida l membrane that was 

subjected to a uniform in ternal pressure and 

subjected to a pressure inversely proport ional 

to the square of the to ro ida l radius. This 

family o f shapes i s deriwed by solv ing the 

equ i l i b r ium, c o n s t i t u t i v e and kinematic 

re lat ionships for i iniform toro idal shel l 

usiwj the Jinear membrane theory. This paper 

extends the previous work to the problem of 

f ind ing bending-free to ro ida l shel l shapes for 

nan ideal magnetic f i e l d d i s t r i b u t i o n s , i . e . , 

for magnetic f i e l d s that do not vary inversely 

with to ro ida l rad ius . Because these Uending-

free she l ls provide a l te rna te methods or 

design fo r tokamak fusion reactors , serious 

consideration should be given to them. 

Contouring on Isoparametric Surfaces. ; : 

Contour p l o t t i n g on 2-D or 3-D isoparametric 

surfaces i s a problem facing many users. Most 

procedures use some type of l inear in te r ­

polat ion to approximate the contour locat ions. 

A general nonlinear in te rpo la t ion procedure is 

presented fo r contouring on any isoparametric 

surface. This procedure uses standard iso­

parametric in te rpo la t ion funct ions. 

An Improved Method fo r Contouring on 

Isoparametric Sur faces. ' " A general nonlinear 

- in terpo la t ion procedure fo r contouring on any 

Isoparametric surface was presented in a 

previous a r t i c l e . This method used standard 

isoparametric i n te rpo la t ion funct ions and a 

predictor method for t rac ing element contour 

l ines. The methed presented here extends the 

previous work by using a pred ic tor -cor rector 

method to trace element contour l i nes , thereby 

making the contouring algor i thm more accurate. 
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A User's fuiOt- *.r, th»_- i"-L.:tC Software 
L'.t'-ar-y: - Computer 'rO'j'W- "er I: illation of 
CAlOhX? Graphtc; or- a •'^rsatec :rinter/ 
Plotter. • Thi'> J..c^ren* sescribei a set of 
FQP.r?A\ sunrouti«?s collectively called the 
CALVEC subprogran. library. The purpose of tl.r 
CALVEC softcore library is the epilation of 
IALCCMP per, and ini: graphic* on a DECsystea 
\:>. A user-Wvel interface with CALVEC soft­
ware aliens standard CftLCOMP subprogram calls 
to produce a VECtor file, SEOMVT.'.CC. This 
vector file nay subsequently be postprocessed 
into an image in a variety of ways. 

b k/st&Lf.0L Vacuum Pouri n£ qf_Epoxjr 
Tensile and Impact Specimens with a Study of 
theJSeba vjor of TJiese Sj3ecjmens__at_77JC arid 
293K.'" The purpose of the investigation 
described in this report was to establish a 
suitable technique for vacuum pouring of epoxy 
tes* specimens ana to study the behavior of 
these specimens at 77K and 293K. A series of 
tensile and inpact tests was conducted using 
specimens made fro- the following resins: 
Loon S2P., Epon !-;71, and Epon curing agent 1. 
These materials are of general interest to 
designers of nagnets for cryogenic service. 
Some of the applications tnat r,ay he con­
sidered are structural support, spacing, 
electrical insulation, and therr-il insulation. 
The epoxies mentioned above were selected for 
more extensive testing because they have beer. 
used successfully at room temperature in the 
ELMO Bumpy Torus (EBT) and Oak Ridge Tokamak 
(ORMAK) Program-- in tlie Tusion Energy Divi'-ion 
(FED) at ORNL. I.iguid nitrogen was chosen 
over liquid helium because it is less dif­
ficult to handle and less expensive. Also, in 
most instances the physical properties of 
epoxies seem to change very little from 77K to 
4.2K. The two main features of the vacuum 
pouring apparatus are that (1) batches can be 
poured under near-identical conditions and (?) 
samples can be handled free from air contami­
nation. 

Tests of the specimens were carried out 
at 77K and 293K. The 77-K data indicate that 
tensile strength increases proportionally with 

the increase of Epon -7! relative to Epon .-2H. 
When tne r.ijtture includes -ore than 91 
Epcn 871, impact testing at 233?. becores 
practically impossible because of the rubbery 
condition of the material. However, when 
tested at 77K, this sasie mixture evim... ~ high 
tensile strength. When optinun: data arc 
sought over a wide range of temperatures, 77K 
to 293K, it appears that a mixture of 70' 
Epon 871, 30: Epon 828 with. 13 pph of curing 
agent Z or 50 Epon 371, and 50' Epon 823 with 
15 pph curing agent Z offers the best com­
promise in tensile strength, modulus of 
elasticity, and impact resistance. 

Coil fabrication technology 

The materials for winding the first Large 
Ceil Segment (LCS) were delivered, and some 
fabrication had begun before the program was 
discontinued. The exercise of welding the 
stainless steel bobbin and performing some 
practice winding was informative. However, 
work was stopped before any actual winding was 
done. Nevertheless, important data were 
obtained on heat distortion of stainless steel 
plates, thermal effects on electrical insu­
lation close to welds, and potential pitfalls 
encountered while winding D shapes. LCP 
contractors arc interested in this type of 
ilata. Other practice winding was done to 
assist LCP contractors in resolving fabrica­
tion uncertainties. Information was provided 
on such things as winding wide conductors on 
edge, conductor springback. reguired conductor 
tension, insulation damage, etc. More prac­
tice winding is planned in a continuing effort 
to reduce these types of fabrication uncer­
tainties. 

A concept for fabricating colls u'ing 
Nb.Sn superconductors has been proposed. The 
conductors arc flexible until they undergo a 
furnace reaction at high temperature that 
creates the desired fib Sn alloy. The Mb ,Sn 
conductors art- then brittle and easily damaged 
during handling. The proposed method de­
scribes a way of winding, then reacting. 



:~-:f:i-i-, T̂ -'i -N" rv, '.'--' C;"» 11 n-.s beer 
•&•: s.' r/. is ?.;. ••:•*. v.tvs •*••::. '.* ,;se- two 
;.-•: i-'i*.'/ i jr-:-r:.V"-;Jc*.o'"s, d-^onstrat in;; that 
c-'-y .ji*'*'.-rer.t conductors C; - be used ii a 

ceil .:••'.::!:.:. *i*nou". -ai.in j ;.oint ir. ea..h 
^accj-e. "•.!-, :.*?r-its either a variable 
.j'r*n! derv>it, or tne use cf a cheaper super-
c^r.auctor ir. tne low field part of the wind­
ing s. 

tgjipnent na; been set up, and some 
practice winding has bt n done in preparation 
for winding a pair of coils for the Ceil 
Winding Test Exaerifer.t (CWTX). Uher, finished, 
this coil will check fabrication methods and 
will "jr. used as a facility r.agnet. Materials 
(ire on order, and fabrication will tale place 
ir. the first half of 1979. 

6.3 ADVA'.CrD CONTACTOR OL'.'LL0PML-.T 

Advanced conductor development involves 
wort on superconducting material, its fabri­
cation into a r.ul ti component unit, its oper­
ating environment, and its performance in ,i 
device. Tne goals are inproved perforrancc in 
'errs of current-carrying capacity, stability 
i-iargin, ar losses, and mechanical strength. 
The apriroar.n is to combine experimental and 
analytical work on small-scale specimens, to 
purchase conductors of advanced design froi' 
industry, and to evaluate the performance of 
these conductors in realistic but reduced-
scale systems. This approach has involved and 
will continue to involve a close working 
relationship with the American conductor 
r.ianufat.'urer . in order to concentrate the 
optinun expertise on the problems and to 
rii'.ii.i/e ft... efforts f ir technology transfer. 

one-third the nu'-r̂ -r of active -.:•••vA•.ct..rs. 
1e>.er<il variations of para-t-ter. '.J. s :, •..'•'..: 
fraction, shape iround v^ square. , an.: *.:,'•>• 

construction were incorporated in the sample, 
prepared for evaluation. Tr,*>se were followed 
by larger ful i-LG - .. <; le sar.ples using values 
of parameters th*t appeared --.est suitable f..r 
.he LCP. During 1978 all sa-.ples were de­
livered except the full-.^.:'e sar.riies that are 
nearly completed. 

A subcontract with IGC was for prel;\-
inary evaluation of another \b 'r* forced-flow 
• oricept. Heat exchangers containing flowing 
supercritical heliur. art attached to for.r 
.-sides of a flat cable conductor. The super­
conductor is coded by conduction to the heat 
exchanger, a rectangular tube containing a 
copper braid sintered to the tube to produce a 
larner cooling • irf^rA wilh short con^^ction 
paths. The work resulted in an analysis of 
tne behavicr of .ne conductor, the production 
of several shn t lengths of cooling channel, 
and sor.e partially processed Nb .To ni-iterial. 
The goal <f the >ro:ect, to produce a short 
length of finish 'd 10,000-A conductor, was not 
achu. •••"] within the funding allocated. The 
results of this effort are be'ng evaluated to 
see if further wort along these lines is 
warranted. 

A subcontract with Supercon was set up to 
evaluate forced-flow NhTi cable-in-condui t 
conductors. A &ey item in the program was the 
production of several long lengths of dummy 



conductor tc evaluate the sheathing operation 

ar:i to t ry to el iminate sone problems en-

couitered e a r l i e r . Ir. add i t i on , a number of 

short e v a l j a t i c i samples were produced with 

several \ar ia t ior .s of cable conf igurat ions. 

Trie ea r l i e r oroblens, which involved a " b i r d -

• 3-71 n'j" or loosening of the outer r i s l e layer , 

aopeared to be overcome c> using a A f f e r e n t 

carle configurat ion and by t i gh te r cab l ing. 

However, the tool ing developed in another DOE 

program was not successful and has been 

reworked, fto fur ther work on NbTi under th is 

prograr, is contemplated. 

6.3.2 Conducto r_ Purchase 

A 600-m length c f 10,000-A, 8-T conductor 

was delivered by IGC. The conductor was 

o r ig ina l l y developed for the LCS p ro jec t , 

which was cancelled early in 1<>78. I t is the 

highest current-carrying conductor commer­

c i a l l y produced for 8-T app l ica t ion by at 

'east a factor of 2. The f ina'. conductor 

conf igurat ion evolved a f te r a number of w j i -

f icat ions were introduced because of d i f f i ­

cu l t ies encountered during the various manu­

factur ing stages. The GE/iGC conductor design 

for the LCP w i l l p r o f i t g rea t ly from th i s 

development work and w i l l u t i l i z e a design 

very s imi la r to the f i na l del ivered conductor 

conf igurat ion. The conductor is being used to 

supply samples fo r a lieat t ransfer experiment 

on the GE LCP design, and i t w i l l also be used 

to evaluate various performance aspects of 

high current cryostable conductors. 

Another advanced conductor, not specif­

i c a l l y developed for forced f low, was produced 

in conjunct ion w i th IGC. The conductor uses 

NbTi f i laments in a conf igurat ion that sepa­

rates the conductor in to segments, thereby 

reducing eddy current and coupling losses. A 

small b i l l e t was extruded and drawn to f ine 

wire to prove the manufacturabi l i ty of the 

complex conductor, and a larger b i l l e t was 

prepared for l a te r extrusion and production of 

a s ign i f i can t quant i ty of ma te r i a l . The 

13-t 

concept is applicable to either forced-flow or 
-o" t -to i 1 i n'j concepts. 

6.3.3 Test JacJ 1 j ties 

A 30,000-A, 20-V dc current Supply has 
been installed and tested. This is being used 
in conjunction with an 8-T superconducting 
magnet and a pair of 20,000-A vapor-cooled 
leads in a 75-cn-diam dewar as a short sample 
test facility. 

A 200G-A, -300-V power supply has been 
installed and tested. This is being usea with 
a sraall bore, 5-T superconducting magnet for 
transient loss experiments on TF conductors. 

6.3.4 Coil Winding and Test Experiment 

The CWTX was conceived as a means of 
utilizing the conductor obtained for the LCS 
Program. The conductor will be used to 
evaluate coil design, winding techniques, and 
operating characteristics appropriate to 
large, hign field, cryostable superconducting 
coils. If these tests are successful, the 
resulting coil, having an 8-T central field, a 
40-cm bore, a d four 6.6-cm circular radial 
access ports, will be placed in operation as a 
facility magnet. The magnet will first be 
used for the stability experiments of the 
LCP conductor. Specifications for an insert 
coil that will produce 12 T in a 20-cm bore 
have been prepared for bid early ne/t year. 

Design work has been completed on the 
magnetic characteristic and bobbin details 
Machine shop work has started, and the bobbin 
is expected to je ready by early 1979. 

6.3.5 Analytic Solution for the Propagation 
Velocity in Superconducting Cotnposites' 

The propagation velocity of normal zones 
in composite superconductors has been calcu­
lated analytically for the case of constant 
thermophysical properties, including the 
effects of current sharing. The solution is 

file:///ariatior.s
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compared with that of a more eiementary theory 
in which current sharing is neglected, i . e . , 
in which there is a sharp transition froc the 
superconducting to the normal state. The 
solution is also compared with experiment. 
This comparison demonstrates the important 
influence of transient heat transfer on the 
propagation velocity. 

6.3.6 Transient Heat Transfer to Liquid 
Helium from Bare Copper Surfaces- ; 

Iwasa and Apgar1"' recently published an 
experimental study of transient heat transfer 
to l iquid helium from bare, vertical copper 
surfaces in which they found that transient 
heat transfer exceeded steady-state heat 
transfer for increasing temperature and was 
less than steady-state transfer for decreasing 
temperature. A correction for transient heat 
transfer that was positive during heating and 
negative during cooling had already been used 
in the analysis of normal-zone propagation and 
contraction velocities.- " I t is shown that 
the correction for transient heat transfer 
inferred from the normal-zone velocities is in 
good agreement with the directly measured 
correction. 

6.3-- The Toroidal Energy Storage Experiment 
(TESPE) Project 

TESPE is a toroidal array of six 0-shaped 
coi ls , roughly 50 cm x 60 en, being bui l t by 
the Nuclear Research Center in Karlsruhe. The 
plans cal l for such high current density and 
magnetic f ie ld that i t is impossible to 
cryostabilize magnets wound with a NbTi 
Cu-matrix conductor; however, i t may be 
possible to cryostabilize magnets wound with 
a NbjSn/CuSn Cu-matrix conductor. Early this 
year i t was proposed that the U.S. (Francis 
Bitter National Magnet Laboratory and ORNl) 
build for TESPE a cryostable cable-in-conduit 
NbjSn magnet cooled by supercritical helium. 

The principal constraints that challenge 
the designer in making the coll cryostable are 

tne high current density [ ' .6 lA en"- ir, the 
wir.dir.c space; '.0-12 KA en"- over the cable 
inter ior ) , high f ie ld (7.5 T raxi"um at the 
conductor), and small pump size ( i2 c sec" ; 

£ 1 atm). In the absence of experimental 
information on the s tab i l i ty of cable- in-
conduit conductors, the design work at ORNL 
was carried out using theoretical methods 
previously developed." 1*- ' iii spite of the 
stringent constraints, a stable design appeared 
possible: a joint less, 13-layer, 19-conductor, 
close-packed layer winding of a 1-cm-OD, 
6600-A cable of -X).3-mm strands. The layers . 
are hydraulically connected in a series-
parallel arrangement that provides more flow 
to the inner layers ar.' less to the outer; the 
decreased f ie ld in the outer layers compen­
sates for the reduced flow there. The fotai 
mass flow required witn this arrangement is 
11 g sec"'- $ 0.75 atm within the capabilit ies 
of the pump. 

Since the early part of the year, when 
this work was done, a new 12-T program was 
launched that includes construction of a Nb-.Sn 
cable-in-conduit solenoidal segment ooled by 
supercritical helium. The goals of this 
program supersede those of the U.S. TESPE 
program; this work has accordingly been 
stopped. 

6.4 12-T COIL DEVELOPMENT PROGRAM 

This program was ini t iated in FY 1979 
with the pri.-nary goal of developing large, 
high f i e l d , superconducting toroidal coils for 
the Engineering Test Faci l i ty (ETF). This 
program wi l l supplement the LCP and be carried 
out concurrently with i t but on a much smaller 
scale. The design and fabrication of the 
12-T model test coi ls , as well as the manu­
facturing of the Nb̂ Sn conductor, w i l l be 
carried out under subcontracts with industry. 
ORNL wi l l manage cwo progrjms made up of 
different industrial teams. One team is 
composed of GD/Convair Division with Airco as 
the conductor manufacturer, and the second 
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tear consist"; o'' GE with IOC '•ar.ufacturir- f e 
conduc tor. 

'ne: request 'or prc.po-.al (Krr'S to tt-*: 
coil designers consists of two parts. part I 
is a >eopir,g study for the de^eloprent of a 
higr, field, 12-7 TF coil concept suitable for 
a tntanak. reactor, *t-,is includes identifica­
tion of a viatie conductor concept and fabri­
cation schene. H.irt I! consist Of three 
Dhases fo> the desi }•• &ni fabrication of a 
12-7 .-.ode! coil, Phase I is the conceptual 
dosi-in of a node! coi; to test tne cwsen 
ETf conauctor. Scaling considerations should 
be considered, especially if constraints 
prevent the full-size ronductor from being 
tested. Phase II consists of the detailed 
coil design.and component testing. It is 
expected that most of the testing will be 
conducted at OKI.L. Phase III is the conductor 
••ocuremer.t and coil fabrication. 

Ir, order to speed up conductor develop­
ment, contracts are being negotiated directly 
with the conductor manufacturers. Th:- initial 
er.phasis toil1, be on product improvement of the 
internal bronze technique at Airco and the 
external diffusion process at !GC. 

6.5 MAGNET DESIGN FOR SPECIFIC MACHINES 

The coil design activity encompassed a 
wide va iety of projects, sow unrelated to 
fusion. Ir, each case, however, the project 
supplied the -"unding. in addit''i to the 
speci.'ic design activities di'.jssed below, 
some consultation service wa r provided to FED 
activitus such as EBT aspect ratio enhance­
ment (AftE; coils and the Long Pulse Technology 
Tokamak (LPTT). 

6.5.1 Superconductjna Magnets for. Heavy .1 on 
Cyclotrons 

A preconceptual design of a heavy ion 
cyclotron using superconducting main magnets 
was begun at the rsguest of the Physics 
Division at ORNL. This design is similar to 

}n earlier design by Michigan State University 
but had different physics objectives. >.e 
r«in magnets consist of two coaxal solenoids 
whose end windings are separated just enough 
to allow the heavy ion bear, to be injectec 
into and extracted from the cyclotron. The 
field profile in the midplane rc-jst be adjusted 
to suit a particular ion accelerated to a 
particular energy. The main coils ire each 
divided into two independent circuits that 
help provide the field shaping. 

After a review meeting in Washington, the 
design was ha'tea and the physics objectives 
were reevaluated. A new design was initiated 
that was much larger than the earlier one and 
used a much larger midplane spacing between 
the coils. There was some concern that the 
magnet system was much too difficult or 
expensive because of the large separation. 
However, an extensive scoping study of the 
relevant parameters showed that the magnets 
were not made too difficult or expensive by 
their new configuration. 

6.0.2 Cral Separation 

So.-:e &f tne pollutants in coal are para-
mayetic a'd lend themselves to magnetic 
separation.- These pollutants include 
inorganic sulfides and sorte forms of ash. 
Magnetic separation is used in industry to 
renove color impurities in clay used to make 
pottery. In this process the clay is sus­
pended in a wat.-r s'.urry. It is undesirable 
r.o use a water slurry with coal because it 
will take enerqy to dry it before it is 
burneo, but it is desirable to use an existing 
industrial process when possible. In tnis 
past year a set of successful experiuents was 
carried out at ; magnetic separation manufac­
turer's plant using air-entrained coal. These 
experiments were done under a program in the 
Engineering Technology division of ORNl wit.t, 
.idvice from the Magnetics Grrup in the Fusion 
fnen-]/ Division. 

http://prc.po-.al


~he -acnet wor». 'or £CT-I I was continued 
r>o~ las* year. The effort farther refined 
the rirror and ARE coil designs. The results 
of the conceptual aesiqn study were puPlished, 
•Wu a4ai".kr,al details on EST -11 are discussed 
elsewhere in this annual report. 
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7. ADVANCED SYSTEMS 

D. Stei 

R. Sec-aft 
S. jettis-
G. 5rown; 

A. roulberg* 
J. MUX ford -
T. Mense-
1 Onega6 

AL-ifjxct. The Advanced Systems Prooram 
includes six major activities: (1) Tre Next 
Step (TNS) Program, (2) the Engineering Test 
Facility (ETF) Desion Center, (3) the Fusion 
Power Demonstration Study, (4) the Committed 
Site Evaluation, (5) the Tokamak Instrumen­
tation and Controls (ISO Study, and (6) the 
Large Aspect Ratio Tokamak Study (LARTS). 

The Next Step (TNS) Program. The TNS 
studies at Oak Ridge were initiated ;n FY 
1977. Ouring FY 1977 the Oak Ridge effort 
pursued scoping studies in thref. broad areas: 
plasma engineering, systems modeling, and 
program planning. These activities were 
carried out > cooperation with the Fusion 
Power Systems Department of the Westinghouse 
Electric Corporation. Basad upon the findings 
of the FY 1977 efforts, it was judged that 
continued activities in the Oak Ridge TNS 
Program should be directed towards precon-
ceptual design with particular emphasis on 
engineering feasibility. As a point of 

1. General Electric Company, Schenectady, 
New York. 

2. Present address: Science '.plications, 
Incorporated, CJ. Kidge, Tennessee. 

3. Grumman Aerospace Corporation, Bethpagc, 
New York. 

4. Plasma Theory Section. 
5. UCC-ND Engineering. 
6. Virginia Polytechnic Institute and State 

University, Blacksburg, Virginia. 
7. Instrumentation and Controls Division. 

er, Kar.a*}er 
*-K. K. Pen.;' 
R. L. Reid' 
J. A. Rone'' 
C. Sardella' 
T. E. Shannon ̂  
R. S. Stone' 
W. M. Wells-

Wisenan' 

departure for the FY 197C activities, a 
baseline design was selected, based on the 
systems modeling effort of FY 1977. The 
primary objective of our FY 1978 TNS effort 
has been to evolve the Baseline Oesigr 
towards a preconceptual design. However, we 
emphasize that, because of budget constraints, 
it was not intended that the FY i978 effort 
lead to a completed preconceptual design. 
Therefore, the design resulting from this 
year's effort is referred to as the Reference 
Design, rather than as the Preconceptual 
Design. The FY 1978 activities were carried 
out in cooperation with the Fusion Energy 
Department of the Gruranan Aerospace Corporation. 

The Engineering Test Facility (ETF) Design 
Center. In September of 1978 the Department 
of Energy (DOE) introduced a new policy 
statement for fusion energy. One key i ler.ent 
of the strategy outlined in this policy was 
the decision to have an ETF built to serve as 
the vehicle by which the fusion program would 
move from the scientific phase into the 
engineering test phase. The ETF would provide 
a testbed for reactor components in a fusion 
environment. Following the review of recom­
mendations from General Atomic (GA), Oak 
Ridge National Laboratory (ORNL), and Princeton 
Plasma Physics Laboratory (PPPL), DOE selected 
"or; Steiner to manage and ORNL to host an ETF 
Design Center with the responsibility of 
developing a detailed mission statement for 
an ETF that could begin operation in the late 
1980's, a reference design for a facility 
with this mission, and recommendations on 
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; / , :s'-. t of r;r-'\L personnel, l-'tor a review 

;'•• ',:••,• ••!".:! f-Ai'.Mn'; ';e''-'"U. concepts, i 

i'j-.y-:ii Llafiket Cyl i r . ' j r i c j l "odule concept 

•*.!•., •: '•- i i t i t 'rt. ioye loped, and analyzed. The 

Jesi:n is t.-;ireJ or. use of s ta to -o f - tne-a r t 

•••>"•/• * j•'•!'. -sirr-r :.»is •'.'"' r^lri-w.irtr :. i type 
;.' r --: \ -,»-,'... - , v.--. -, ^i *.*•'"*>'" i s the Dreed i r . j 

:]?••..'. .•.:".; '. J:.' i'".,, .',, f i i A i r ; : re ! i jr- o;•?*«•''••": 

'.':•• i,•;'.(•'' fir"'.". .-..•!" '.^Iiri'jc-r jnd the lfine - ' 

i i t t 'u;\-contairi ing r y l i n i e r . Each cyl inder 

is capable of withstanding f u l l coolant 

pressure for e.inanced r e l i a b i l i t y . Results 

snow that s ta in less steel is a viable material 

for a f i r s t wall subjected to a 4-MW/m-' 

neutron flux. <md a l-KW/m- p<irt icle heat 

f l u * . A l i f e t ime analysis showed that the 

f i r s t wo 11 d e i g n meets the goal of operating 

at 20-niin cycles with 96 duty for 10: 

cycles. The design i s a t t r ac t i ve for fu r ther 

development, and addi t ional work and sup­

port ing experiments nave been i den t i f i ed to 

reduce ana l y t i ca l uncerta int ies and enhance 

the design r e l i a b i l i t y . 

The Committed Si te Evaluation. The 

Conriitted S i te concept emerged from FY 1976-77 

studies conducted by the Advance systems 

Program. The Committed Si te study is being 

conducted by Bechtel Nat iona l , Incorporated, 

under the technical guidance of ORNL personnel. 

The ob jec t ive of th is study is to evaluate 

the technical and economic meri ts of a con-

JS *.»..- *.•-:• a s- a ; c :e „•- t-snnc- - ' ir- 'or aicne, 

fro*: 1 :••: 110'- - ' .r- jug r je:-cr.Stri*.ior. sodes of 

-.peratisr.s end also for s i- j i tanecus de.'elop-
c.» * \ f - • • • ' uUipie i : j j i 0 . , such 3S t i e 

LI.I",'J o-»'.py Torus ' EST}. 

through a : i phases cf operat ion. Tne Conrit ted 

'.. i t e Lvi i - ja t ion is ba-.eci on reactor requ i re­

ments submitted by the fusion co:-nunity for 

the various fusion concepts under considerat ion. 

These reactor concepts include the tokansak, 

tandem mi r ro r , EET, t o r s a f o n , and reverse 

fie'.d pinch. Major iter.s that have been : 

iden t i f i ed as economically a t t rac t i ve for 

Sharing aror.g reactors during, the development 

pnase include pulsed e l ec t r i ca l power-hanrtling 

and conversion systems, cryogenics syster.s. 

'.r; t iun-;:rocessing eguipne-nt, heat re jec t ion 

systems, and bui ld ings. Signi f icant schedule 

.-oppression appears possible through the use 

of a single cor.- i t ted s i t e for mul t ip le 

srquenti,;! steps in the devolopr.ent of f j s ion 

power a. opposed to ser ia l develop-or.t .it 

several s i t es . 

The Tokar.ak Instrumentation and Controls 

(ISC) Study. Instrumentation and controls 

probler.s projected for the hi goer-powered and 

longer pulse time tokaraks problems accen­

tuated by the increasing research and develop­

ment (R&D) thrusts towards higher beta and 

act ive ly shaped plasmas need increasing 

emphasis. The projected controls problems 

have been considered (along with in tegrat ion 

with ongoing experiments, the hardware-

experienced research teams, and the plasma 

theory and engineering personnel) and the 

higher p r i o r i t i e s selected for early esiphasis. 

The three areas of stuuy emphasis to data are 

(1) physics implications for cont ro ls , 

(?) computer s imulat ion, and (3) shutdown/ 

aborts. During FY 1978, the f i r s t year of 

these studies, these areas have been addressed. 

Transient scenario options for the startup of 
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_•;•'*' _or.j: ;-.e . oitrc . i irvo>t-jat:jh>. -e 
sr-^'.i'C" '*:'' be r','ĵ .'.t;.' tc rer-eie"*- i 
T'.: :~F -.--.'•i'-ic. ~'e icopin; or t-.e a r c i 
potential prot'e-. *as beer, initiated, ar~ 
pre! •- \r>i>-. rt.%j'if.3 nave Deer presented and 
s'.j* tre ieei fo»- increased e".ph,»iis in th;s 
area. -Vc-as cf stid, tnat were relesated tc 
secondary ••: ten tier, in the early 'i«r». by 
reason of the limited effort that could be 
applied include IiC systems description, R&D 
needs assessment, and development of "read 
-•aps' to ~eet T:.S/E7F,/-EMG needs. 

Larco "••^eci^'f.stio ]oka[:ak_ Sljjcij. The 
Large Aspect Ratio Ta».anaK itudy ILAKTS) is 
investigating the option of litigating the 
pulsed -.cue operation of tokar>aks by increasing 
the plasva burn through enhanced volt-second 
capability achieved cy utilizing nigh aspect 
ratio:. As a sore steady-state r.cde of 
to».a:-ar operation is achieved, the cyclic 
fatigue probler. for the blanket first wall is 
correspondingly reduced. The impact of nig', 
aspect ratio en plasra physics parameters 
(achievable values of beta, plasma current, 
quality of confinement, required magnetic 
field, plasnia size, etc.) and on the tokaAak 
power level, system cost, and burnti.-se is 
being addressed in this study. 

7.1 THE NEXT STEP PROGRAM 

The primary objective of our FY 1978 TNS 
effort was to evolve the Baseline Design 
towards a preconceptual design. However, we 
emphasize that, because of budget constraints, 
it was not intended that the FY 1978 effort 
lead to a completed preconceptual design. 
Therefore, the design resulting from this 
year's effort is referred to as the Reference 
Design (Table 7.1 and Fig. 7.1), rather than 
as the Precortceptual Design. The FY 1978 

tre cent' 

:•• cor ....i;;r'. .:' f • --.• -. u ;e 
:.-•- ' • '.;'.- arc s.1'.; i:'::c; Se !•.•;•. 
>.* of cr.;->.eerii^ f-.-.i :t".lit... 
•/.••."; --.,i-j._ teri .* K .. .-.'•.,: ..r-jje;. 

ir^ineermg feasiostit/ 

The activities ir. the t r o i cf er .î eer-.r..-; 
feasibility focused en three issue'.: rer.ute 
aintenance, the poioidj! field \.PT': syster. 

design, and the divertor design. 
P.ejiote rnaiptenance The remote nair.-

tenar.ee features cf the reference Design 
represent a significant improvement ever 
those of the Saseline Design a-- a result of 
three rajor design changes. 

ill Trie njr-.ber of toroidal fieh: TT; coil'. 
was reduced fror. ?" to M ir. „rcv:r t-. 
allow sufficient row. between o. \ i •, to 
replace J torus sector. Thus, '.he 7F 
evils neec not be removed f""- sector 
replacenent. 

(2) Tne TF coil bore was increased by id 
to gain the access necessary to relocate 
the PF coils inside the TF coils during 
a sector replacement operation. This 
eliminated the need for PF coil segmen­
tation in the event of sucn an operation. 

(3) The use of a rechanicaily assembled 
torus has eliminated the need for 
internal cutting and welding to replace 
a torus sector. The applicability of 
mechanical torus joints was made feasible 
through the adoption of an evacuated 
reactor cell to house the torus. 

A 1/40 scale model was constructed to help 
evaluate the maintenance features of the 
evolving design. 

Pp_l_q,1da_l_/.'.ejiLA/A!̂ ??1.- T n e P F system 
adopted in the Reference Design represents a 

http://tenar.ee


<st,.e ;,.*e.-.-r e r-t"'jn Dar<j-^'.err, 
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•".dSr«i elongation. • 
P'isc^ r:?nor radi-i.. a ,^' 
?Ias-a voluae, V !~ I 
-las^ current, I (WAj 
Neutron wall leading (Hfc ,•>.-' 
Total fusion power (JW) 
Fusion power density (W»/r" 
Nii-nOer of TF coils 
TF coi! vertical bore (r) 
Tr ceil horizontal bore (c) 
TF coil conductor 
Field at TF coil, S^ <T) 
Field on axis, SL (T) 
Steady-state burntime(s) 
Total cycle time(s) 
Total volt-seconds 
Neutral oeam power (MW) 
Neutral beam energy 
Injection time(s) 
Microwave power (KW) 
Microwave frequency 
Fueling 
Impurity control 
Shielding 
Vacuum topology 
Vacuum pumping 

1.2 
210 

•J • V 

2.4 
1!40 
5.0 
1? 

significant improvement over that employed in 
the Baseline Design. The PF system in the 
Reference Design consists of a superconducting 
ohmic heating (OH) coil, interior copper 
equilibrium field (£F) coils (inside the TF 
coil bore) that carry ^35'. of the EF current, 
and exterior superconducting EF coils (outside 
the TF bore) that carry 65* of the EF current. 
The PF system in the Baseline Design consisted 
of a copper OH coil outside the TF coils and 
copper EF coils inside the TF coils. The 
updated PF system design offers a reasonable 
balance between system cost, coil maintenance, 
TF coil protection, and power requirements. 
Moreover, the use of a superconducting central 

solenoid pemits the flux swing for a burntime 
of 500 iec without excessive joule heating 
losses. 

Dw_ert02"__s»y.stern. A bundle divertor, 
adopted for impurity control in the Reference 
Design, contrasts with the compact poloidal 
divertor adopted in the Baseline Design. The 
primary reasons for this change in design 
were to move the divsrtor system outside the 
TF coil bore to improve overall access and to 
provi ie more space for pa.-ticle and energy 
collection. An innovative scheme making use 
of an array of lithium jets has been proposed 
as a means of accomplishing the particle and 
energy collection in the bundle divertor. 
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Th.e activities ncVitad cs-sias^ 0S3e**a!*i>a 
-.• • < - - c • 

focused on '"ic following jreas: r^-tacjjsjrihe 
- technology rscui regents fo»- SV«*£UE .»n'J , : 

.heating, naintainln-j nign beta ronficjurations, 
and identifying tfce key physigs^ii^oes :~._~ "='_ 

" requiring investigation"io order to achieve â . 
*. '--coiitroUablev -long pulse, ignited t{jfe*Eafc> ~ ;-
. V-plasaa. . . ,-.,v ' "-V • -'^ ''W"" ' 

^ .-. ^•^/•PJiSULZSSiiirf^nii- I" order to It 

reouce the power, supply requirecse^-Anripg 
;^g£art»»p, a eicrowave-assistsdi sta^up.^rp?^ j_r->~ 
'""'" wes proposes and evaluated. It i* 

MgiateoVf to!" tite « a f wpl^e ;^ej»ig«e^-." r. • 
-aKordei|-of^>-j; ^ , - % S -

for' startup-., -/. f 

Si8»3i:5^satirjgv. ^ t : 

tSeefdence'is- required -=£•- y 
rfrjr'the valtfS* df^ocfran approach. 

'^'J^cvJations dT/neot>al beam heating indicate ->y, '-. 
^itftat ignition could be reached with deuterium 

"eneraleV as loy « J3G ke¥ without excessive --,: 
demands on power requirements. , These calcu- "' \<z 
lations, "which nust-.till te confined by 

- experiments, suggest that reactor heatifig x *:£ 
requirements could be satisfied with positive 
-ion beam systems employing direct recoverys 
and that negative ion beam systems may not be c ~ i : 

necessary." Beams of 150 keV were adopted in 
the Reference Design. _ \ ^ > c ^ %i :̂ .c 

High beta maintenance. The magnetic 
flux diffusion process in high beta beam and 
alpha-particle-heated plasmas oyer long ttme:-

- "-.̂ scales is not well understood. The focus of 
the studies in .FY 1978 has been the loainte-
nance of high beta equilibria during the ' ,-
heating, ignition, and early burn phases. In 
this context the PF system proposed for the 
Reference Design will allow the control of 
the plasma D-shaped cross section despite 
large changes in the plasma profile and beta 
during these phases. 

Key physics issues. The control and 
handling of plasma disruptions 1s identified 
as a key physics issue relative to the imple­
mentation of the TNS. Plasma disruptions 

would severely li-nit the useful life of the 
firH taa!» and would also impose serious 
design constraints in teras of superconducting 
cagnet protection. The need to characterize, 
understand, and control disruptions is iden­
tified as a major area for further investi­
gation. Overall particle control during the 
various phases of the piasna operation also 
represents.a key physics area of uncertainty. 
T6 date;, conceptual solutions based on 
empirical1 arguments have been employed to 
define schemes of particle control, but i t is 
clear that significantly sore work needs to 
be doner TO thjs area to define requirements 
and teci^riques. • Athlid key physics.issueifp. 
je^Vin9:5avesMgatitn ivplasw controls - -
during burn, ihcludifi j control of pwjfiles, - -' 
beta, and isiwrity content. 

Project planning 

The project planning activities con­
sidered cost and schedule, R&D needs assess­
ment, and operational plan. 

Cost^nd schedule. The cost estimates 
performed for the TNS indicate that the 
direct cost of the facility would be 4500 
million and that the total facility cost, 
excluding escalation and interest during 
construction, would be '.$1 billion. A cost 
estimate breakdown on the besis of major 
functional areas indicates the very large 
dependence of cost on the TF coil system 
followed.by the electrical power and controls 
systems. The TNS scheduling exercise suggests 
a total project tine span requirement of 
about ten years with approximately six years 
required-for device construction." 

MP needs assessments. The R&D needs 
assessment "in the general areas of physics 
and technoloov idetn|fied two major themes: 
(J) an expansion of efforts needed to integrate 
the various physics results in the context of 
the desired operational cycle of the plasma 
in order to define more clearly the required 
R&D needs for a controllable, long pulse, 
ignition fusion core; and (2) an increased 

- , . ^ 3 * . 
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erpfysis fe^uirri i r the im c f re-nocl . - ; . 

anc er.gir.eerlrr. ceveloprer.ts to p.-ov'2c 

r e l i a b l e . co i * -e*" f« . t ive ca~pcten*< for t»:e 

T!,S on 3 t i~e?. Sa i l s . 

•î S -K<; j f t . An operating plan or 

n i s s i o ' * i s la id oat f c r the T«»£ f a c i l i t y . 

Tnis nissior. consists of four phases: 

[Vt Fnise I integrated syster. eneckc-t 10.5 

y e a r ) : {2} Phase I t - hydrogen operation (1.5 

years*,; (3) Phase I I I i g n i t i o n tes t ana 

plasma bam (2-5 yea rs } ; and {4} Phase IV 

engineering tes t ing (5 .5 years) . These 

n iss ioa object ives of the THS need to fce 

•^evaluated re l a t i ve to the i r ispact on 

overa l l device des»"qn, f a c i l i t y requirements, 

and schedule. 

7.2 ENGISEERIXG TEST FACILITY ( E T f f 

~ GES!«i CE.VTER 

In September of 1378 John Deutch, 

Director of Energy Research for DOE. a r t i c ­

u lated the DOE pol icy fo r fusion energy. 

This po l icy stat&rent encompassed the- e f f o r t s 

in both the magnetic confinement and i n e r t i a l 

confinement approaches. In order to develop 

fusion energy as an economically a t t r a c t i v e 

ana environmentally acceptable energy o p t i o n , 

the DOE pol icy statement on fusion energy 

out l ined a three-phase st rategy. Sequential ly 

these phases focus on s c i e n t i f i c f e a s i b i l i t y , 

engineering t e s t i n g , and reactor demonstration. 

I t is ant ic ipated that s c i e n t i f i c f e a s i ­

b i l i t y for both the magnetic confinement 

approach and the i n e r t i a l confinement approacn 

w i l l be achieved w i th in the igsG's. Fcllowing 

the achievement of s c i e n t i f i c f e a s i b i l i t y , 

each of the two approaches would move from 

the applied research phase i n t o the engi ­

neering tes t ing phase. _The vehic le by which 

the fusion program would move in to th i s phase 

of development i s designated the Engineering 

Test F a c i l i t y {ETF). The ETF would provide a 

testbed for reactor components in a fusion 

environment. These components would be the 

essential bu i ld ing blocks of the f a c i l i t i e s 

constructed and operated during the reactor 

i:er»nstratior? ph^se. The*-; f i c i l i t i e s are 

designated the Engineering Prototype Reactor 

;LPS) and the Concern i Demonstration 

Reactor (OCMC). I t i ; ;nv is ior*d tha t fo r 

each confinement apprt ach, a decision w i l l be 

a ide t c i den t i f y which of the competing 

a l te rna t i ves w i l l be the basis f c r the ETF i n 

the I98f l 's- The current 00E strategy suggests 

that t h i s decis ion point would be approximately 

1934 fo r the rwgnetic confinement approach 

and approximately 1987 fo r the i n e r t i a l 

confinement approach. 

In order to i n i t i a t e p re l in inary planning 
fo r the 1984 ETF dec i ' i on in the Magnetic 
confinement approach, the Of f i ce of Fusion 
Energy tOFE) establ ished the £ f f Design . 

r . . . 

Center activity in ̂ December of 1978. The ETF 
Design Center has as its objective to define 
the ETF ana to prepare its design, schedule, 
and cost in appropriate detail to support the 
initiation of the ETF project. The ir.,tial 
focus of the ETF Design Center will be the 
tokamak concept; hoover, as other praising 
magnetic confinement concepts evolve, they 
will also be evaluated in the context of the" 
ETf. It is enpnasized that many of the 
tecnnclogical problems of magnetic confine-
rent fusion concepts are generic in character; 
thus, the effort directed to the tokamak will 
be of general value to the Mgnetic fusion 
program. 

The activities of the ETF Design Center, 
hosted at ORtiL, will be national it. focus and 
will involve representation by the principal 
tof.a>.,ak fusion centeis (i.e., 6A, ORIil, HIT, 
and PPPL). Moreover, the alternate concept 
development efforts being carried out at 
installations such as Lawrence L'^p'-xre 
Laboratory (LLL) and Los Alamos Scientific 
Laboratory (LASL) will also be integrated 
into the ETF Design Center deliberations. It 
is intended that industry play a significant 
ro\". in the ETF Design enter activity. In 
its initial phases the EFF Oesign Cente-- will 
rely heavily on the work done over the |>ast 
several years in the dtee of advanced reactor 
studies and, in particular, on the work 
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J r-- prepare 
t ^ .4-.r'jt'l 

; i 1 j« i n j r e_. goals ir.d cij-;o t1 <es: 

- Developing a?: o r ^ r >_-j- lono- i structure 

and opca t iona: node tnat incorporates 

and represents a nat ional perspective 

on the tTF. 

• Establ ishi? 1- tne. i n - s i to an-1 o f f - s i t e 
r i - i k T i ; ^ , > r . . . . . . ; — ~. A »~ - — - - . » - - -J 
'.u,i« w• • • > t.1<. .* n - j j i K u s.vj ^ j^|Aj i t. attu 

Hpler.ent the progra.".. 
• Vain tailing an effective Co< ; viica* ior 

wif. OApc-rii-.er.t-si group-- '•; ensure 
relevant e.« peridental in,.,:. :^ the 
pro ;ra,'. 

- ?rovi.ii«-.-; re..oi-c''.'5jti'jr:''. t.> :'fL arvU 
tne experimental prcgra-is oGnfernir,-; 
additional e/;.eri"er.to to strengthen • 
trie physics data La so 'or r.i-e L " . 

• Maintaining ar, effective •'.ou'.uM).ation 
with technology (level op-en: , ••v;ri;;:i 
including :na ;r,e tics, ,.'.a..-.. '...-.-.tii'. ,. 
f it'll-"" hsr.,!! in.-;, •yiteiiil., et.., ':. 
ensure reltrv-.r.t '.••,',(.., i S,y :r.;.,t t, 
the program. 
f'rovi Jing rt-i-.ji'j « i t i jfi > to 'IL isr,''i 
the technology programs con^err, ir.g 
new programs and additional emprises 
to strengthen the technology base for 
the ETF. 

• Maintaining currency in the advance­
ments of plaSrria theory and plasma 
engineering to ensure thott tne progr.sii-
reflects the»e advancements. 

• Providing recow.endations to Oil and 
the theoretical pO'.rjris (.oncoming 
method deve I orient and (.oi..[iuf.jtion 

reeds to strengthen the analytical 
tools fo«- the LT F . 

- Preparing and Keeping current a program 
plan for the conceptual design through 
construction in addition to a ten-
year operations plan - for the ETF. 

- Providing the opportunity for signif­
icant involvement of industries 
interested in becoming major contri­
butors to the establishment of 
magnetic fusion as an energy option. 

- Serving as the focus for cooperation 
with international endeavors in 
advanced magnetic confinement fusion 
device programs. 

7.2.2 ETF_ Hjssj on_ .Statement 

Ai <j point of departure for vhe ETF 
Design Center activities, it was deemed 
essential to establish a well-defined state-
rent on the rission of the ETF in the overall 
fusion program strategy. In the TNS activities 
of '.ast year, tne various design teams 
ojdressed the issue of the mission for the 
~U'.. The Office of Fusion Energy used the 
mission staterent results of last year's TNS 
activities to develop a preliminary mission 
.tateir.ent for the ETF. The essential features 
of this prelin.inary mission statement for the 
ETf lay out a possible testing plan for 
utilization of the ETF based on the tokamak 
concept. 

Trie " ission statement to result from the 
planned workshop and the subsequent consid­
erations will represent a point of departure 
and will be updated and reviewed as the ETF 
Design Center activities proceed. With the 
•liission statement as a guide, the ETF Design 
Center will engage in systems analysis and 
design specifications aimed at developing the 
most cost-effective facility for achieving 
the '|oals and objectives set forth in the 
'•VjSion statement. The design specifications 
will then be used to lay Out an engineering 
•!'.••• i'in for tne LIT. During this time a 



comprehensive R&D r.eecs assessment •»•.]} 3'so 
be tijKir.q place. 7r,e c.iD reeds assessment ?s 
being carried out as a fusion ccri-unit^ 
activity a^d will serve trie requirements of 
botr. the ETF Design Center and the Inter­
national Tokarnai Reactor (INTOR; activity 
being conducted under the auspices of the 
International Atonic Energy Agency (IAEA). 
The output of the R&D needs assess.-nent will 
be integrated and evaluated by the ETF Design 
Center relative to the specific requirements 
of the ETF. The results of this evaluation 
and integration, together with the detailed 
design work, will be used to make recom­
mendations to OFE relative to the ETF program, 
cost, and schedule. At this point the ir,i>sion 
of the ETF Mill also be reevaluated. 

Assuming the above process leads to a 
favorable result, the ETF Design Center will 
then focus on a detailed conceptual design of 
*he ETF with a continuing updating of the R&D 
needs assessment and refining of the ETF 
mission statement. The ultimate objectives 
of these activities are to prepare the ETF 
design in sufficient detail and to perform 

the associate croject e>-ji'-ee-'""-;: inc. ; f i ­
ning functions in sufficient detail to support 
a decision p;int for jne ETF in I9?.i. 

7.2.3 ETF_Ces_ign_ Center _Staf_f ing 

The leadership of the ETF Design Center 
team has be«-n established with responsi­
bilities bated on a work breakdown structure 
approach, 'he major areas of responsibilities 
are shown in Fig. 7.2. Each area is intended 
to bring together a grouping of activities 
that require the application of similar 
disciplines easily managed as a team. 

The plasma system activities are being 
led by a corn it tee of four physicists, one 
each from GA, MIT, ORNL, and PPPL, who will 
receive the necessary support from their 
colleagues at their home laboratories. The 
PPPL representative, the senior physicist, 
chairs the committee and provides the overall 
guidance in the plasma system area. 

Each of the four engineering and tech­
nology areas (Fig. 7.3) is being managed by 
the laboratory selected to be responsible for 

PLASMA 
SYSTEM 

MANAGER 

TECHNICAL 
ASSISTANT 

• DES-iN CENTER 
PROGHAV PLANS 

• R&O ASSESSMENT 
COORDINATION 

NUCLEAR 
SYSTEMS 

ELECTRICAL 
SYSTEMS 

MAGNETIC 
SYSTEMS 

SYSTEMS 
ENGINEERING 

• STARTUP SHUTDOWN • FIRST WALL • HEATING • TF • SYSTEMS ANALYSIS 

• HEATING VACUUM VESSEL • ENERGY • PF • CONFIGURATION 

• BURN • BLANKET SHIELD STORAGE • DIVERTOR INTEGRATION 

• FUEL IMPURITY 
CONTROL 

• TRITIUM 
HANOI ING 

• POWE R 
CONVERSION 

MAf.NS TiCS 

• C.HVfjGt MCS 

• PHO.If C I 
( N l . IN i i H i V , 

• DIAGNOSTICS • REMOTE 
MAINTfNA .i.E 

• I & r. • A l U RNAM 
CONCEPTS 

Fig. 7.2. ETF Design Center organization based on a work breakdown structure approach. 
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•J*VJ»orat tOI 'ED 

MANAGER 

TECH ASST 
0 STEiNEP 

* BECRAfT iGEl 

PIA. SMA HUClEAfi EtECTRICAl MAGNETIC SYSTEMS 
SYSTEMS SYSTEMS SYSTEMS SYSTEMS cMGIHEERMG 

PPPI an GA PPPI MIT ORSll 
GA 03J.L • P SAfUR! U WCIRRAVl •J WILLIAMS! • T SMAHSiQSii 

• INDUSTRIAL 
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• INDUSTRIAL1 
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• WOUS TRIAL 
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• GA R WHL5R. 

• Mil :Q C0H51I 

• ORSL i l l PENGS 

• PPPI iS VdSHIK&VlZi 

Fiy. 7.3. The £ " Design Center team will represent a laboratory/industry partnership 

that portion of the ETF program. Figure 7.3 
shows the laboratories and individuals respon­
sible. "r- industrial partner will be chosen 
to work under t re direction of each area 
nanager to provide a significant portion of 
the design and development required for that 
part of the program. Additional e/pertise 
and consultation to address particular problems 
way be obtained by the responsible laboratory. 

7.3 ORNL FUSION POWER DEMONSTRATION STUDY 

The development of practical blanket 
systems that would allow the adaptation of 
fusion to produce electric power in a util­
ities amplication has been identified as an 
important area of study in the Advanced 
Systems Program. 

During FY 1978 the Westinghouse Electric 
Corporation, under subcontract to ORNL, 
completed a design study for the blanket 
system of a tokamak concept reactor. The 
scope of this study was limited to generic 
blanket designs incorporating a combination 
of stainless steel structure, lithium mod­
erator, and helium coolant. The decision to 

focus our conceptual engineering effort was 
based on favorable conclusions of previous 
work- that indicated the feasibility of such 
a generic systw.. Our objective in this 
current study was to focus the conceptual 
design effort so that a n;ore in-depth assess­
ment of the reliability and performance 
capabilities of this generic blanket syster: 
could be obtained. A summary of the nominal 
operating conditions and characteristics of 
the reactor around which the tlanket study 
was based is given in Table 7.2. 

7.3.1 The_ Emphasis_en Re1 i_ab_i.lj.ty in Desi_jn 
Approach 

In the initial phase of this study, an 
effort was made to select a promising candi­
date from generic designs that had been 
conceptualized previously. It was thought 
that the upgrading of an existir.g concept 
would lead to a design thut was defensible 
with respect to function and reliability 
potential. 

A critical review of previous deigns 
indicated that no individual concept could 

http://_i.lj.ty
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Table 7.2. Design paraneters relevant to OR'.L '*estin..ihousc-
uenonstration Reactor Elanlet Ctudv 

heactor 
Gearetrv 
Kinor radius 
Elongation 
Aspect ratio (tor us) 
?;eutror, wall loadiPQ 
first wall particle neat flux 

Blanket 
Breeding nediurn 
Structural material 
Coolant 

Structural concept 
Vacuun enclosure 
Reactor material temneratures 

PuTipir.;; power 

/ f jt ; , work \ 
\TVe"rr,aY "cuVput / 

T ' i t i j f . - t> ree<nr iG r a t i c 

but • i yt i t 

OpC-ratinc' r OCC 

"D" c r o s s - s e c t i o r . t o r u s 

1.6 

2 - 4 HW/IT.-

G.6-1.o HW/m- \ no d ive r r . "•• ' 

Li thin-; 

Type, 316 auster.itic Stairlesi 
Pressurized hel IOP 

Inlet pressure %:\ air 

Inlet temperature 200 C 
Outlet temperature 43S C 

External u> blanket 
First wall (radi** i.j" d=-v. if : 
Lew r a d i a t i o n zone ~0C" l 

2 0 - i i i n cyc le- , yS Cu t , 

Pulsed to 10- c y c l e s 

s tand up t o trie * o s t fundamental cor CiO-

e r a t i o n s i n v o l v i ' " ; , r t - l i a o i l i t y ar.d T o l e r a - u t 

f o r f a i l u r e . . L a , i s c o t t s i u t - ro t i ons o f r c l ' . -

a t ' i l i t y and t.oU-ianct- f o r f a i l u r e have led *... 

two fundamental Jestyn reo,ui rented t t fo r C M ; 

•jcnt-rH. type of b l a n k e t . 

i l ; I t ir, e s s e n t i a l t n a t a l l c r i t i c a l b ! a r > e t 

s t r u c t u r e 0e a c t i v e l y c o o l e d . Tn is 

r e t i r e m e n t o r i s e s because o f t h e p a r ­

t i c u l a r cha rac te r of the heat d e p o s i t i o n 

th roughout a l l p o r t i o n : , o f the b lanke t 

ar.fi the u n c e r t a i n t y in Surface COM act 

tietVft'Or, the s tagnant l l t M u n and the 

S t r u c t u r a l malt-rial. 

( 2 ! Fit-Cause- of the pc t e n t u l ' . r a leak in 

the ruqh p ressure coo lan t c i r c u i t , i t 

i s e s s e n t i a l t h a t a l l enc losed r e p o r t s 

sus t a in ir, 

» i t r . c ; r 

*t i l u r t - . 

• j i . . 

".'ie COOi t i ' : ! ; • -,-S - • -. 

t i e r • i n t r f . , t ' ' 0 0 M 

l.L.i CifvC- i C j>i* .t _C ' r; ftt'V. Li* : l y 

in t.r.e j r o c e s s of j» *c-!cr-:ts\ a .it-s, 17,r. 

r. . - ' i t .aS i : rc-1 ) j t .11 i ij iv-;i ' j irei..f- 1-:: . -• 

. j i H.Sr l : al ni ia„ , c c;",r..e; '. wi.is, ' v ' - i v c : lr.e 

new i i ioo j ie concept t r . i t was de.-eloped ;<•• 

.if to i I for t h i s s t u d , is snowr ',<. f '.'; / •', 

I t i i S ' .on , , ; ; t c o r . s . s f . : *• -,'• c t c f Cv, ••),_• 

. w i t ' n ".pi,. r . Co i '.ssv t . r'. t V.J . ; Sor r . ' j r .S i 

an i n t . t r i ; t n I.JI-.- sr tu i n mrj -. , l i r .de r * m . 

>.e . ; j i : t ' o w i ' . ; between t >,/•-, e c o n c e n t r i c 

C y l i n d e r s to aC'i ieve adequate Coollfrs; o f '.,..• 

http://ar.fi
http://tr.it
http://int.tr
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OBWLOVG 79 m o f :c 

D-SHAPtO STRUCTURAL 
SEGrSNT alTH 
B'.AStfT SUBASSEMBLIES 
ATTACHED 

ASSEWLY 
SUPPORT 
STRUCTURE 

BIANKE 
MODULES 

OUTER 
SHIELD 
PA*EL 

SECTOR SEAL 

BLANKET 
MODULE 

BLANKET Si:r.ASSEMBL< 

Fig. 7.4. Cylindrical blanket module. 

the litnium and the outer first wall. Tne 
schematic illustration of the assemblage of 
modules as they would be placed in the 
reactor is shown in Fig. 7.5. 

7.3.3 Cone 1 us ions gf_ Study, 

Based on analysis performed in support 
of the new module concept developed in this 
study, a viable blanket concept was developed 

that warrants further developnent and design 
refinement. This work will be continued 
under Westinghouse subcontract in FY !979. 
This cylindrical module concept meets the 
goals of the study to produce a blanket 
concept that operates under a reasonable set 
of reactor conditions. In addition, this 
'.tudy has advanced the state of the art in 
blanket component development by considti in«j 
reliability, thermal performance, structural 
lifetime, helium generation, and tritium 
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» 2 5 I I FED 

l i CONTAtMER 

COOLANT r iOJ 

Fitf. 7-S. Blanket sector assembly.-.z\<-- ;• t 

breeding. The following is a list of specific 
conclusions resulting from the study. 

• Based on tHe current understanding 
of radiation materials data, stainless 
steel module design is adequate for 
neutron wall loading up to 4 fW/m 2. 
Under these conditions the desijn 
meets the goal of 10 5 cycles of 20 min 
with 95* duty, basfd on considerations 
of crack growth and brittle fracture 
at 450°C operating temperatures. 

• The concept can reliably withstand 
lull coolant pressure; thus, it 
satisfactorily addresses a basic 
reliability requirement of preventing 
breach of the lithium container in 
the event of failure of high pressure 
coolant circuits. 

• The method of first wall cooling is 
not sensitive to the accumulation 
of helium generated within the lithium 
that compromised cooling in earlier 
designs. 

• The concept is structurally efficient, 
amenable to analysis, and simple in 

shape, can be -tadily fabricate? and 
evaluated by testing, and is adaptable 
to mass production. 
Structural support of the modules as 
replaceable suoassembliei is judged 
a reasonable approach to assembly and 
maintenance and is compatible with 
remote handling techniques. 
A first wall temperature of -450" can 
be achieved with a 20C°C inlet tempera­
ture at --2t pumping power with reason­
able helium exit temperatures (>4&0'C) 
compatible with acceptable power 
conversion. 
The mjin support structure is designed 
to operate at helium inlet conditions, 
thereby minimizing thermal growth of 
the structure and relative rations 
between the blanket assembly and the 
interfacing piping. 
Mechanical sealing between the plasma 
-nd the outer vacuum boundary can be 
achieved. 
Scopino, analysis indicates that a 
tri .,um-breedir..j ratio of M . 2 can 
be obtained. 
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CIXJ i t tea '-fit.- v . : f I ' K I V . : rac i 11 t i t . - ; for the 

L-V-: !f:;;::;e'. C .'..* *., »• •. Jt-v i'.* ' . ifit- f " j i ' r ' i t t e u 

> i t t Vi.: . I ;.. ..,:':< '. ..i Tl:i- T i ' i i o w i m j . (1) the 

^ , f . . H i ; - ; ' : , ; t « i i r . , . ( j ' j v i t ; a l o n e , i . e . , 

;..r.-jr,.s, . t i ' . x - ! : :, : : r - j | - , or EL" ; U'} the 

. v . - • . ! . ( • • • : :w dev ices a t t he conar' i t ted 

• u • . • - . ! ...» p lus tanaen: m i n o r ' ana 

' . • i n , . . .-. r .L"; etna [i] tW; aeveiopment o f 

: : i . Jt.-vli.tS a t One s i t e , i . e . , tC'karicck 

, . . - tandem m i r r o r p ius LET. A t y p i r a l 

. . e f i a r i o t o r the development of a cand ida t t . 

aey ixe c o n s t * t s o f t h r e e phases,. ' A M I i on 

demons, t r a t i o n , p o w e r ' t e c h n o l o o i • w i o n i t r a t i o n , 

aritf 2wnmercia1 p r o t o t y p e dea io r ^ t ra t i o r , . The 

:>L.c;l;ai i o f o r a Cf.tJii«i! IS d e p i c t e d SChCMati-
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Fig. 7.8.' The prototype operation phase involves adding an 
i'iprpved reactor unit to the ̂existing facility; 

required for pulsed operation. The ^ir^-ir 
needs large amounts of iigh energy neutral 
beams r;j j»ivT v e reactor, but this power is 
d> awn off-the utility grid in a continuous 
fasHon. The primary cost e'enents that can 
be shaded arronr- different fusion concepts at 
a tomritted s.'te are the costs associated 
with site selection and development and t*c 
cost advantage of higher capacity process 
equipment, suc-i as heat rejection systems, 
"tritium-handling systems, etc., sized td tweet 
he combined needs of the candidate fusion 

reactors. 

.7.4.2 Sched_ule.Jnipac.t 

It takes approximately five years, as 
shown in Table 7.3, tc select a site, certify 
it, and make iite improvements. At a com­
mitted site this is done only once, and the 
time required for development of a fusion 
concept is compressed com? red to the time 
required for serial development of multiple 
sice1, for ea<-h pnase of operation. 

7.f> TOKAMAk INSTRUi-::,"TATlCN AND CONTROLS 

To date, the controls approtuJios in 
fir-ion have been largely preprogrammed and 

open loop, but they have sufficed for t>e lew 
powe*", short pulse experiments. The success­
ful extrapolation of such approaches to high 
t'owe", long pulse machines appears iwp»-oba*jle 
w^ore seriouV constraints such a* the avoid­
ance of high energy wall loading must be 
satisfied throughout the operatkm. Th^ neec 
for active, closed leop ccr<tro? systems has 
been underscored further by the emphasis on 
che high beta and plas»» shapes that require 
active establishment and maintenance, the 
neeu^fur turn control and refueling, and the 
possible need for feedback control of the 
plasma-heating energy. 

The instrumentation systems used on 
magnetic confinement fusion experiments 
include many innovative approaches that have 
succes's'ully provided the information required 
from the tests. For the most part these 
diagnostics ire laboratory-type equipment and 
may require extensive modification if used in 
a reactor environment of the TNS or FTF 
device. The d*ta handling approaches to be 
used on experiments such as the Tokama* 
Fusion Test Reactor (TFTR) will provide an 
excellent base for supporting the definition 
of instrumentation and diagnostic needs for 
the TNS/FTr, although the long pulse times 
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Table 7.3. Schedule for site selection/certification and site improvements 
(5 years - S25 million) 

m i o K S S B 'to 

ACTIVITY YEAR 
i * 1 i 4 

PDCtiaiUIRV SITE SCREf.i*G 1 M i ! i 1 
OETERWKE CAMXDATE KEGI04S {' 

-—i— ! ! 
1 

~1 j i 
SCHffHIHC CAMMOATE REGION 

{' 
-—i— ! ! 

1 

~1 

l 
OETERWM HUBS CMWDATE RE&IOKS ~ T 

PRELNMARY HE I D NTVESTlGATHMS PRELNMARY HE I D NTVESTlGATHMS 

SELECT SITE 

PREPARE-DOCUKWTS FOR SITE CESTIFICATMW i PREPARE-DOCUKWTS FOR SITE CESTIFICATMW i 

DETAILED SITE SOIL AKO SEISMIC f lE lO E x n O M T N W S DETAILED SITE SOIL AKO SEISMIC f lE lO E x n O M T N W S 

CQHSTRUCTlOU Of SITE UW>SOVE*«TS _ CQHSTRUCTlOU Of SITE UW>SOVE*«TS _ 

PREPARE A M SIMMT KM. M T A W COHSTRUCTKM PERMIT PREPARE A M SIMMT KM. M T A W COHSTRUCTKM PERMIT 
i 

- A R K B W TEWORARYXORSTRUCTItHI PERBTT 

• • SUMMT fSEllWHARY SAFETY AtALYSS REPORT 

4> RECEIVE CMSTDUCTItM PEWIT 

and the ignition operation may place signif­
icant demands on the equipment's real-time 
and archival capabilities. It is expected 
that the TNS/ETF will impose the most strin­
gent requirements on the ISC equipment, and 
it is towards this device that these studies 
are focused. 

The emphasis of prime importance in this 
study program is the definition of the physics 
transients needed in a complete bum cycle. 
Thus, the largest portion of the past year's 
investigation was so applied. The impact of 
potential abnormal operations such as hard 
'hutdown and aborts, as well as the avoidance 
and amelioration of such Impacts, was given 
strong attention. The simulation of a tokamak 
and its control system 1s a valuable develop­
ment tool for testing design concepts, espe­
cially when the experiment Is being operated 
in tine same facility as the ISC study. The 
verification of the simulation that can be 
achieved with actual tokamak operation, as 
well ts the potential for getting real tran­
sient data'to test some particular control 
hypotheses, provides an excellent corrobo­
rative climate for development of the model 
ant expanding it towards the TNS/ETF needs. 

The initial simulation development was 
accomplished in FY 1978. 

The summary highlights of the FY 1978 2 

work that is building a valuable foundation 
for ISC R&D leading to meeting tokamak 
reactor needs include the following. 
(1) Pertinent physics has been coalesced for 

studies of control implications. 
Transient characteristics in startup 
phases have been scoped with evolving 
codes. 
Simplified ISX-B control equations have 
been run on analog and some of the 
stability concerns identified. 
A full set of uniform torus, ISX-B 
horizontal control equations has been 
programmed for analog machine. 
Preliminary studies3 showed plasma 
disruptions as an area needing increased 
study emphasis. 
Plasma disruption effects have been 
identified (e.g., temperature distri­
bution, eddy currents, thermal stress, 
number of disruptions tolerable). 
R&D needs assessment has been initiated. 
Future study plans have been recast 
based on work to date. 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
(8) 
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7.6 URGE ASPECT RATIO TOKAKAK STUDY 

The Large Aspect 3atio Tokamak Study 
(LABTS) is an investigation of the potential 
for producing a viable long bum tokasisn 
reactor through tHe enhanced volt-second 
capability of the OH transformer by employing 
high aspect ratio designs. The long bum is 
desirable in order to ameliorate the effect 
of the pulsed operation of the tokamak on the 
cyclic fatigue problem for the blanket first 
Mall. Current reactor design studies gener­
ally assume lO^-lC5 pulses/year. However, 
concern has been expressed that such pulse 
rates could limit the lifetime of a stainless 
steel first wall to "*-l-2 years. If the 
burntime could be extended by an order of 
magnitude relative to current assumptions, 
first wall lifetime of at least ten years 
could be projected. 

As a follow-up to the ORNL Fusion Power 
De-KPStratibn Study, the potential of increas­
ing th» volt-second capability by going to 
high asptct ratio devices was investigated. 
Preliminary results from this study are shown 
in Fig. 7.9 for an aspect ratio of 8. This 

OML-lwe T»-2SO» 'CO 
— i r^ 
A«8.0 
0 '0.5 
LB-3.0«r*7m* 

1 

1300 

J 1200 -

noo - ̂ " 

(000 
iff* ̂ ,, 

1.6 
600 1000 1400 

POWER £MWIt)3 

rig. 7.9, Variation in tokamak burntime, 
cost, and current as a function of plasma 
parameters for constant values of beta, aspect 
ratio, and neutron wall loading. 

figure plots unit cost [S/kW(eJ], burntine 
(hours), and plasma current (MA) vs power 
output [HW(e)J. Plasma radius (meters) and 
maximum field at the conductor (tesla) are 
also given. The quantity L is the neutron 
loading at the plasma surface. These results 
were obtained with the ORNL Systems Code1 and 
are normalized to the ORNL DEMO Reactor 
parameters given in Table 7.4. 

Table 7.4. ORHl DEMO Reactor parameters 
Aspect.ratio, A 4 
Average beta, B 10% 
Plasma radius, a 1.5 m 
Maximum field, B R 8 T 
Unit cost S1200/kM(e) -
Output power 825 HW(e) 
Plasma current, I 4 HA 
Burntime 20min 
Pulse rate i2 x lO1- cycles/year 

The high aspect ratio devices are expected 
to yield a lower beta limit than the moderate 
aspect ratio devices. Figure 7.9 shows 
calculations for an average beta of & for 
the A = 8 device based on the 10*5 value for 
the A = 4 device shown in Table 7.4. Figure 7.9 
indicates bumtime capabilities of --2-5 
hr and associated pulse rates of -.1.3 x 
103-3.3 x 10 3 cycles/year, a factor of 6-15 
less than in the DEMO Reactor. Moreover, the 
cost and power output of the high aspect 
ratio device need not be dramatically different 
from that of the DEMO Reactor, -41200-1400/kW(e) 
and --1000 MW(e,. Confinement of the alpha 
depends to first crder on the product of 
current and aspect ratio. Alpha confinement 
at the higher jspejt ratio and lower current 
devices should be comparable to that in the 
DEMO Reactor. 

On the basis of these preliminary results, 
it appears that the high aspect ratio tokamak 
offers potential for extended burn. However, 
a more detailed study, currently in progress, 
is necessary to make an in-depth evaluation 
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•:f t i e t-pact of hi 1)* aspect rat io on the 
p!s'=rc physics issues o? nagnetoHydroflynaniic 

i " rD ; ^ ' . . j b i i i t / , qua c i t y of confinement, 

t : r ' T . ! e c o f i f o l , and ba fn tHe . 

s£FERE«ICES 

i . ~-. " .e iner e t I ? . . 'XKL Fua>t;e ?cs..ct 

'J i l ' 'tfl^e .'fdtionai Laboratory Report 
O- ' lL .^ -5313, Oak ?.idge, Tennessee (1977). 

2. V. P-. Becraft et a l . , T V ^ : - I.jt-u-:*:-
Aif.t.c« u«J Ccit*-cti, Oat P.i<jge national 
Laboratory Report 0PM./TM-6617, Oak Pidge, 
Tennessee (1979). 

3 . S. J. Onega et a i . , Jtwc-. P6xa«a Pcĵ tj.'*<=.•»:! 
o! HS. Oak Ridge rational Labc tory 
Report ORHL/TM-6616, Oak Ridge, Tennessee 
(1979). -
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Abitsac-t. The materialscwork described in 
this report falls into three areas: (1) alloy 
development for irradiation performance, (2) 
damage analysis and fundamental studies, and 
(3) radiation effects on organic insulators 
for superconducting magnets.- Alloy develop­
ment activities, which constitute the major 
portion of the effort, are directed at four 
systems: (If austenitic stainless steels; 
(2) higher strength Fe-N\-Cr alloys; (3) reac­
tive and refractory metals; and (4) innovative 
concepts, especially long-range-ordered (LRGj 
alloys. With austenitic stainless steels and 
higher strength Fe-Ni-Cr alloys, emphasis is 
placed on the irradiation benavior in mixed 
spectrum fission reactors, where both high 
atomic displacement rates a*d high helium 
production rates occur. 

Beiau.* reactive metals e.g.. titanium 
alloys and refractory metals, especially 
molybdenum, niobium, and vanadium alloys 
are not at the same stage of advancement, 
emphasis is on unirradiated properties ana 
irradiation tests to high displacement levels 
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5. Engineering Physics Division. 
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only. The corrosion rates of inpo"-tart aHoys 
in liquid lithiun; and I O U P " salts are also 
being assessed. 

In the area of damage analysis.-applica­
tion of numerical transport theory to particle 
range distribution in solids has beaun wit*? 
the example of 100-keV ! 9 r A u recoils in Au. 
Comparisons of the binary collision approxima­
tion (BCA) code MARLOWF and the dvnamica1 

code COME!,1! have been made with respect to 
their treatments of linear collision sequences. 

Irradiation tests on organic insulate--':. 
for superconducting magnets showed that no 
significant changes occurred in specimens 
irradiated to 4.9K to a Jcse of 2 x 10 rads. 
In a second experiment in which samples were 
exposed to Z x 10" rads, significant changes 
were observed in the mechanical properties of 
some samples while other samples remained 
relatively unaffected. Sawple preparation is 
now complete for a test to an irradiation 
dose of I x 10' rads. 

8.1 ALLOY DEVELOPMENT FOR IRRADIATION 
PERFORMANCE 

8.1.1 The Behavior of Type 316. Stainless 
Steel under Simulated Fusion Reactor 
Irradiation5 

F. W. Wiffen I.E. Bloom 
P. J. Manias/ J. C. Stiegler 

M. L. G; .sbeck 

Fusion reactor irradiation response in 
alloys containing nickel can be simulated in 
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thermal spectrum fission reactors, where dis­
placement damage is produced by the high 
energy neutrons and helium is produced by the 
capture of two thenr^l neutrons in the reac­
tions: *Ni • r, • vlfli + ., ''Ni + n -
*'Fe + •». Examination of type 316 stainless 
steel specimens irradiated in the High Flux 
Isotope Reactor (HFIR} has shown that both 
swelling due to cavity formation and degrada­
tion of mechanical properties are more severe 
than can be predicted from fast reactor irradi­
ations where the helium contents produced are 
far too low to simulate fusion reactor service. 
Swelling values are gree.er and the temperature 
dependence of swelling is di>f ent Trom 
those in -ne fast reactor case. The property 
change most restrictive for fusion reactor 
performance Is the low values of ductility 
that result froa irradiation. These results 
imply limitations on the operating conditions 
and useful lifetimes of stainless steel first 
wall and high flux region structural components 
of fusion reactors. 

8.1.2 Tensile Properties of Type 316 Stain­
less Steel Irradiated in a Simulated 
Fusion Reactor Environment2 

H. L. Grossbeck P. J. Haziasz 

In a fusion reactor the first wall will 
be subject to intense neutron radiation, 
resulting in displacement damage as well as 
the formation of helium and hydrogen from 
transmutation reactions. Because type 316 
stainless steel is a canaidate first wall 
material, an investigation of the strength 
and ductility of this alloy and of a titanium-
modified variation was conducted. Simulation 
of the fusion reactor environment was accom­
plished in HFIR, which has an appropriate 
spectrum to produce both displacement damage 
and helium through a two-step thermal neutron 
reaction with nickel contained In the stain­
less steel. 

Miniature tensile specimens were irradi­
ated at temperatures from 350-600°C and 

subsequently tested "in tensicn; the results 
were compared with the literature data of 
type 316 stainless steel irradiated in the 
Experimental Breeder Reactor II (EBR-II). 

For irradiation and test temperatures of 
350 CC. the yield strength of annealed (1 hr 
ajt 1050*C) and 20t cold-worked 316 and 316 
TiH material increases very rapidly compared 
with EBT-II-irradiated material; a slight 
decrease in strength follows. The peak in 
yield strength occurs at a fluence of --1.0 * 
10 2 6 neutrons/s2 (£ > 0.1 M»V). At 450 and 
575 CC, the yield strength o- 20% cold-worked 
material decreases manotonically kith an 
indication of saturation above -4.6 x 1 0 " 
neutrons/*-2 (E > G.l MeV). whereas at the 
lower temperature, type 316 and 316 TiH had 
nearly the saae yield strength, at, the higher 
temperatures the titanium-modified alloy 
exhibited -40-SOI greater strength, depending 
upcn fluence and temperature. In the annealed 
condition the two alloys behaved similarly, 
both exhibiting a peak in yield strength at 
350 and 450°C but increasing to a saturation 
value at 575°C. 

The ductility of both alloys in the 
cold-worked condition decreased monotonically, 
tending to approach saturation. The exception 
was 20% cold-worked 316 TiH at 450°C, which 
appeared to have a constant elongation of t-8* 
to a fluence of 2 x 1 0 ; 6 neutrons/m2 (E > 0.1 
HeV), the highest fluence attained. In the 
annealed condition both alloys exhibited 
a ductility minimum with increasing fluence. 
This behavior differs from EBR-II-irradtated 
20% cold-worked 316 stainless steel, which 
displays a ductility maximum at low fluence. 

The rapid hardening and rapid initial 
drop in ductility are attributed to the 
generation of helium and the coalescence into 
clusters and bubbles which impede dislocation 
motion. Nonethelex*;, based on this low 
fluence data, at 350 and 450°C total elonga­
tion appears to saturate at a value above 6%. 
The ductility appears adequate for the early 
life of a structural material In a fusion 
reactor. 
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8.1.3 Precipitation Response of nustenitic 
Stainless Steel to Simulated Fusion 
Irradiation* 

9. J. Maziasz 

l i e precipitation lied 
3ype 316 stainless steel irradiated in HFTR 

-r %' 
-Us studied to previowsfy 

fast reactor 

and cavity response of annealed type 316 
stainless steel relative to fast reactor 
irradiation. Keliun has also been shown to 
change the precipitate response as well and 
is inportant in understanding and anticipating 
fusion environment Materials response. 

Estimates of tin^Pet^ndent Fatigue 
"W 

hrtnre^precipr 
diagram, KFfft irradiation is see* to 

ITKsolt in phase combinations similar to those 
after thermal aging; bat the precipitation 
response shifts to lower temperatures and 
shorter times relativr to thermal aging. The 
shifts range from 70-200°C and are different ' 
for different, phase combinations- However, 
the phase regtw-* resulting from fast reactor 
irradiation require l i t t l e or no shift in 
temperature or time relative to thermal 
aging. Therefore, HFIR irradiation also 
results in shifting the phase regions to 
shorter times and lower te*r»raiures relative 
to fast reactor irradiation. The addition of 
Simultaneous helium production to the irradia­
tion environment is coincident with the 
absence of the unidentified rod-shaped precip­
itate and the presence of H*C (sine* determined 
to be eta phase precipitate) ami Loves phases 
for HFIR relative to fast reactor Irradiation 
at similar temperatures and finances. Host 
vp ds produced by Irradiation In a fast 
reactor are heterogeneously nucleated on the 
rod-shaped precipitates or M2}Csf *nd after 
HfIR Irradiation, only a fraction of the 
cavities is attached to precipitates, with 
Laves being the most preferred and MJJC* the 
least preferred. Helium has been shown to 
change the swelling, mechanical properties. 

-^*'V 1-2.63 * 1 0 * aertrons/mt -IE >& He*) wS 
compared to predictions based on tte.methoL^...^^ 
of strain range partitioning. "It M V ilemn^^p^gf:'i 
strated that when" appropriate tensile •*|^-=7s-V,i.%l:C";" 

• tr-

creep-rupture Juctilities are employed, *';?•£ 
reasonably good estimates of the influenjc£:of 
hold periods and irradiation damage on tbe-""->" 
fully reversed fatigue l i fe of type 316 
stainless steel can be made. Having 
strated the applicability of this method,̂  ~ 
ductility values for 20S coM-worked type 316 
stainless steel specimens irradiated in a 
mixed spectrum fission reactor were used to 
estimate fusion reactor f i rst wall lifetime. 
The ductility values used were from irradia­
tions tint simulate the environment of the 
first wall of a fusion reactor. Neutron wall 
lotdings ranging from 2-5 Kw/rn̂  were used. 
Itesufts, although conjectural because of the 
amy assumptions, tended 'M show that 20* 
cold-worked type 316 stainless steel can be 
used as a f i rst wall materiar with a 7.5-
8.5 Mwyr/m2 lifetime goal provided the neutron 
wall loading does not exceed more than ->-2 MW/m' 
These results were obtained for an air environ­
ment, and i t is expected that She actual vacuum 
•nvironment will extend l i f e t i M beyond 
lOMwyr/n2. 

12M?***C K- ^ 

-& 
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the plastic instability, exMMtet **rfc master -" V •-
\ a*, eases-- fsf$ *enav1or. Is .characterized by . ' - ' - '-

_. e 1 » t t e _ ^ n s ^ i l i ^ j ^ ' i # t % J a ^ § ; a ' 

j * iff-

?SS 

f l ferdaJts^were- «$ed ttr'estf-'«-'«t?<,r3. 

;^ip)*: «r-t«pratiir«i;*!ftk'" --• %-:i~3%'• ^W^^^m 

^rtcsw&il i i tg tncriaseJ rapidly.-The 
etlfwg values were iwch larger than expected 

•frm-fast reactor. a»«* ion bc*?baftf«ent resultr. " 
•»vFwrtherwre, '.>ld work vis rwt effective in 

suppressing tne .swe?Ifng of Inconel 600. 
-Tensile property measurements and fractoa-afifvy 

^ ©>> the 5a « samples s*<owed that strength 
/values increased for i>r»<hation at 55-400 C 

but decreased below unirradiated values for 
i irradiations a t 600 and 7D0'C. Elongation 
'- values were lowest a t the tewpsrature extremes. 

Total elongatiofts below 1 - were found only 
for irradiation and test temperatures of 600 
«M 700*C. The fractures were completely 
transgranutar for samples irradiated and 
tested at 30G and *QO"C, of mixed node buf. 
predominately intergranulaV at SOOX̂  and 
fully intergranular at 600 and 700"C. The 
results suggest that Irtconel 600 does not , 
affer any advantages over type 316 stainless 
steel and does not warrant further develop­
ment for fusion reactor application. 

class U&t-: 

p*artfc instaJKlftf 34^1 tlty" X^mttm lit % j c 
n'obiwB alloys results^frowthe chanae?^. 
defO"xatio'n «»de observe-i ir sa^Jes irradiate*? 
to Dnjduce a «i*croStructu<-» in fcMch,;* r'igh 

c."".entrat>or o* sraU <*s»acat'.*" 1OOB> 

JO'"'nates "S ' .'catiers -yn'"^ ••" cbaottels 
elionna'te t h e loops, thereby sjften'ng tie 
"-atrix for further defo^mat'on at a Jeceasinq 
total T' i. Plastic instability H supa^ssesJ 
'f th» rradiat'Cn-produee^J rricrostructore 
contains a larje population o ' vo'J*. Ihe 
voids are not ret^ov^S 0/ i>ovi"<; d*»ioc*tions 
iod are beli^ve<) to act 6S pinning si tes, 
allowing the material to w«rk harden and 
exhibit greater-than-zero unifortn e'ongation. 

3.1.7 The Ductility in bending of Molytidenum 
*!'>ys Irradiated ..between 42S and I000°C"' 

B. I Cox F. W. Miffen 

3.1.6 Plastic Instability in Neutron 
Irradiated Niobium* 

f. W. Hiffen 

Niobium alloys irradiated and tested 
over a wide range of conditions show ductile 

Molybdenum allays are potential candidate 
materials for fusion reactor applications, 
Either in structural or protective components. 
These alloys offer the potential of operation 
at higher temperatures than a?ternitive 
materials, but they also present n«-w materials 
limitations. One of the identified problems 
that could Iimft the application of rolybdenum 
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-:•* i r e ' s i i ' . j te '-Vcfal-reS a i d r c iu i t of 

: F ' i . ' ' j ' . ' . c ' . . 

i s v i e s i f He. H, . . ; : • , . a ' c "V- ->' i ; 

* i ' - . ' : v^ .! '-.";2?*;, i f i w l i ) fuij> r e c r . a t a l - -

W e d , were i r r a d i a t e . : in trie tc f t - i i t o rluewces 

c f .:.t> > l ' j ' ' ne,*tror.s,'it:- v 0.5 Ne«)_. Four 

" ? • - • '.etior. tenverau»res spanned the . r ange 

vJi-;:>A; •£. , ; ur . ! j insatl segments ef these 

s * t c r - i a \ s were a v t - i s a U e , \n t h e fonr. or : 

r e c t e M - l a s C u u p u f . s J » ?'.fc:* 0.4 * . These 

spe . iracr.i were e ' t e t t r opc l i shed and then 

t t s t e c ! i n vacuJir in alow three^pcir . t benainy 

s t tenjperetures from J i - t W C . The OfcTT was 

trrai.ki.-ied by e s t a b l i s h i n g trie sfeift f r « ~~ 

.•f'citure m be«diri.s tw f u l l S i" fcnd a m i e r c ^ ^ ^ p 

)Oez These, r e s u l t s w t l l . b e £uppJe*etaeawff i*fe 

scar.fti/rj e l e c t i o n (Hcrosrope (St*) exas-iiaticjiv 

of tr>e f r a c t u r e su r f ace s . 

Ail t f . r ee -^ ; . o j s showed Cjuali tdt ive ' .y 

s i r c a r s ehav io r . The most severe degradat ion 

fces , ' o . iucea Lv i» r a ^ ' a t i o r i at-5»6*C. These 

ssrn,..es *a;,e«; Hi a ; l t e s t s t ro s 22-6SO C, 

if-;j , a t i r : , a I-t":i ebovt the i r r a a - i c l i c ' . 

t e t v t a t u r e . »i th M^her arid lower irra.n-a-

Tl.i- t e s k t r a w ' t ; had l e s s e f f e c t Mi the 

(iu< f- i i i y ,-fci tr. i n d i c a t e s DfcTI between 100 

ai'£ s'.irC for 4^5'c i r r a d i a t o r , and above 200 

K i r.e'ow i0'.;' C tor u>th 790 and l0G<"rC -

: r r a 5 i a t i o r i t empera tu res . These r e s u l t s art 

qije ' . ' i ta i ively c o n s i s t e n t with the m i c r o s t r u c -

tufe'i f e a t u r e s repor ted to r tne Sat'ie »ufc..ltr*ft4. 

Vf:--.*: cuncei.tr a t ions were nigher at Ssb t than 

for trie o ther tr.ree i r r a d i a t i o n tempera tures . 

f, \,.-. Nc.ui.ron_ J/ . radiat jor . kaijMyt 

IP. .?kl>.bdenum ajr_JN_i£h ^S5£. fe r j?iV- r*>. 

J . bei i t l ty F. W. wit fen 

Commercial pur i ty moiytidenjn; ( ,'Ki wppni 

carfiori} has dec.'' i r r a d i a t e . ; ir. fbf<-11 to a 

f l j ence of (S x 10'" iiejtro'iS,n.- ( t ' . i HtV}, 

wftuh i.c-rrespo'njs to t Jt,a. IrracJloUoriS a t 

nor.: ino I temperature: Hi the ror.ijt b0Ci-i*j00 C 

, •'.: $. : c / of Kit a t . J . , u tu n ie i t id j tfnpera-

tuA.-; wtf.' a. (.imp ;'iifiej H. ' i.1l vldja I hOUt r t 

ir. a s c i i e o cct-s-le contiinirt*; a s t a t i c argen 

44-. d V i s i n t r e . ,iL!fcci:i>ens cu t trow the 2 . 5 -

ra-^iai-i T - r i J i a t e d rods were exai.iried t ^ 

t r a ro^ i s sTcn e l e c t r o n microscopy (TfcH). -The 

4a.i.aije s t r u c t u r e c o r . s i s t s of twB components: 

»ui>2s and d u k c a t i o r . s . At t h e lowest i r r a d i ­

a t i o n tempera ture , t nc htgh cwicer i t ra t i en of 

s n a U voids i s iwper iec t ly or«Iere<j on a body-

cen te ree CUDIC (bec) s ^ p e r l a t t i c e . At h ighe r 

i r r a J i e t i o r . te iuperatu^es, the «oid s i z e 

inc reases and ccrict-.'it>atior decreases mcrkedl>. 

At t he n ighes t i r r a d i a t i o n tesusera tures , rod-

shaped or "super" voids a r e observed. D i s l o ­

c a t i o n d e n s i t i e s a r e low, with d i s l o c a t i o n s 

ir. t h e form of a network a t a l l teraperatures 

excep t t h e lowest , where sewae s s a l l lcops a r e 

a l s o p r e s e n t . Quar t t i t a t ive m i c r o s t r u c t u r a l 

data"; was s t u d i e d , wi th p a r t i c u l a r referer .ee t o 

t h e spec i a l f ea tu res of Uie p r e s e t "-rai j ia-

t i&ns : tfie higr. i r r a d i a t i o n te ' .perat*.rei artd. 

i n t e rmed ia t e ' l uences 

h.).^ Tr.e TefiSVie fTypt-rfiei Of " i j h . i ' » ' i ^ 
SAP CarilatriH.^ He "Hun. and / H ' . i i 

i . w Mi i^ iS ; t- Fcrfc'i's 

S'.ntc-reu oiuirinurr. product (SAP-, an 

at toy Of aimaifiuCi i(«3 oluCsiftur., O^Vde par t~ :.'.£•!>, 

"has beeti Su<j.jested as a p o t e n t i a l mater ia l 

' o r the - i r i t » a l l of a fusion . reactor *»ith 

!:".•, •.,.,„,. , <jv. . a c t i v i t y 1-ivfcritoi'j t'mt wOuC 

6 ; i t i a t t i>l 4,'.J I., wr.ere SAi' r e t a i n s more 

i tr tr if . tr . thar hny ctr.er aiumiriuir. o i i o y . 

bt'^.ou'." t h i s temperature i s •(..) 0t the 

o: si . ' :^t t n* i tHi^ terriperature, rie^tron d i s p l a c e -

nw -it daiTioye i s r.or l i k e l y to be troublesome. 

tiiivi^ver. swe H i no, and embri t t lenient by the 

(jasc-s rit-lun. ard tiyjrojen fron. ( n . i ! and 

(n, . ) r e a c t o r s and by t r i t i u m picked up fron 

tfw. plasma and the breeder b lanke t may be a 

problefi. 

To i n v e s t i g a t e the e j e c t s of yaseS in 

'JAI , a l i o / ' , i oritairi':iif; M Iso tope were rriade 

anil were l iej tron i r rad ' . a ted Hi a ir ierda' 

reoulor U p 'o ' lu te neilun. ar.u ti". t'.uir rion. 

{.n.iip uf t.h^ ' i i . Trie w r a d l a t e j a-'ioys 
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were trien amealeci for 1000 hr at temperatures in 
t i e raiv;e 300-500*C And were tens i le tested to 
- a i i j r e a t i e oost i r rad ia t ion annealing tempera-
t j r e . The al loys contained 17-24 wt A1.G-. and 
ias levels between 0 and 1700 appm each of helium 
and t r i t i u r . 

'-rrvrzinr. density rx>a'iurf"~t>nts indicated 

no discernible swell ing fron the gases, some of 

which were shewn to be trapped in t iny bubbles 

at the Al 0.A1 inter faces. Only materials wi th 

the higher gas levels showed a measurable loss 

in ducti?-"ty, but even without gas, the d u c t i l i t y 

was low, 1 elongat ion. However, there was no 

marked reduction in u l t r j t e tens i le strength 

(UTS) or f racture s t ress, implying that embrit-

tlement from gases was not severe. These data 

Suggest that incorporation of s tab le , i n e r t 

par t i c les in f i r s t wa l ! al loys mignt provide a 

-•eans of a.T* J i orat ing potent ia l problems of gas 

swell ing and embritt lement. 

8.1.10 ' teepverxof Tr i t ium from Sol id Li thium-
^intered Aluminum Product (SAP) and 

Lithium-Aluminum Al loys'• 3 

J. B. Talbot F. W. wiffen 

The tritium release rates of irradiated 
samples of lithium-containing aluminum (Li-Al) 
and lithium-containing sintered aluminum pro­
duct (Li-SAP) were investigated to evaluate 
the potential application of both materials 
in fusion -eactors. Tbi observed release 
rates folluwed the pattern expected for bulk 
diffusion of tritium in a solid. Therefore, 
diffusion coefficients were determined for 
tritium in Li-SAP over a temperature range of 
383-500°C and for tritium in Li-Al at 450<>C. 
At 450°C the diffusion coefficients of tritium 
in Li-SAP and Li-Al are 2.988 x 10' 1 0 cm- sec"' 
and 1.462 x 10" 6 cm ? sec"', respectively. 

8.1.11 Current Irradiation Experiments, jn the 
!lf£ Materials Program 

M. L. Grossbeck J. W. Woods 

Magnetic fusion energy (MFE) irradiation 
experiments at 0a» Ridge National Laboratory 

(QRNL) are all neutron irradiations in fissic 
reactors. E&K-II, h'FIR, and the Oak Ridge 
Research Reactor (ORfc) are the reactors now 
being used. HFIF. and ORR are mixed spectrum 
reactors used because of their ability to 
form helium through thermal neutron absorption 
in nirkel. HF!R is -sei prisari!y tc study 
the effects of high helium concentrations; 
ORR is used for instrumented Irradiation 
under conditions more closely simulating the 
fusion reactor environment. An experiment 
no. being planned will have the neutron 
spectrum tailored in order to match the 
helium/damage ratio of a fusion reactor. 
EBR-II is being used (1) to achieve high 
damage levels with little helium production 
and (2) in conjunction with cyclotron helium 
injection and tritium decay to correlate such 
helium-doping techniques with continuous 
helium production in a mixed spectrum reactor. 

Specimen types include tensile specimens, 
pressurized tube irradiation creep specimens, 
electron microscope specimens, fatigue speci­
mens; and auger fracture specimens. Table 8.1 
gives summary information on recent reactor 
experiments. 

8.1.12 Future HFE Materials Irradiation 
Experiments 

M. L. Grossbeck K. R. Thorns 

Experiments are nan in the design and 
fabrication stages for both HFIR and ORR for 
the irradiation of Paths A and 8 candidate 
first wall materials. 

The spectrum-tailored ORR experiment 
will consist of an instrumented cylindrical 
capsule contained In a removable core piece 
that will be changed periodically during the 
irradiation In order to achieve tiu appro­
priate neutron spectrum to duplicate the 
helium/damage ratio experienced by a fusion 
reactor first wall. The experiment will be 
irradiated for five years with specimen 
discharges at one, two, three, and five years 
(Fig. 8.1). For t»,e firs': cycle only Path A 
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Table 8.1. ORNL-ADIP" irradiation experinents of fusion reactor tr^terials 
currently being examined or irradiated 

Fission 
Type of material 

Number of Gate removed 
reactor Experiment Type of material Type o f specimen specimens from reactor 

CM KFE-1 Paths A,B,C,D Tensi le; 
TEKC 

fa t igue ; 500 June 1978 

nr t - c Patrri t,D,C,Q TetiSile; * - * j — . 
1 0 1 l \ j t * £ . 

a 0~> in reactor 
'>_ pressure tube; TEM 

E3R-II X-264 Paths A,C Tensi le; TEM 100 January 1977 

EBR-II X-Z87 Paths A.B.C Tensi le; 
tubes; 

pressure 
welds; TEM 

984 January 1979 

HFIR CTR-4.-7, 
-8 

Path 8 Tensile 33 August 1977 

HFIR CTR-9 to-13 Path A Tensile 55 Apr i l 1977 

HFIR CTR-14,-15, 
-20 to -22 

Path A Fatigue 50 Various, 1978 

HFIR CTR-16 Paths A,B Tensile 42 July 1977 

HFIR CTR-17,-19 Path A Tensi le; welds 22 December 1977 

HFIR CTR-18 Paths A,B Tensile 11 October 1978 
HFIR QR-23 Path B Fatigue 10 February 1979 

HFIR CTR-24 Path A Tensi le; tempera- 11 January 1979 
ture monitors 

aAD!P = Committee on Alloy Development for Irradiation Performance. 
Specimen materials are designated as in the ADIP Program Plan, DOE/ET-0032/1 (July 1978). 

CTEM = disks for transmission electron microscopy. 

The experiment will consist of two 
subassemblies, each with two specimen chambers, 
each operating at one of the following 
actively controlled temperatures: 300, 400, 
500, and 60O rC. Temperature will te con­
trolled by providing a mixture of argon, 
helium, and/or neon in an envelope surrounding 
the specimen chambers. Control of the gas 
mixture produces control of thermal conduc­
tivity and, therefore, heat transfer from the 
specimens and specimen temperature. Neutron 
flux will also be monitored by flux wires 
that may be removed and replaced during 
irradiation. Irradiation for the first 
subassembly is expected to begin by January 
1980. 

Six experiments are planned for HFIR. 
Four experiments will contain tensile specimens 
of the MFE reference heat of 20? cold-worked 
type 316 stainless steel. The remaining two 
will contain mostly TEH disk specimens to be 

omiL-o«sr*-2V* feo 

80 

Fig. 8.1. helium content as a function 
of dpa for type 316 stainless steel. The solid 
line represents Irradiation at a fusion reactor 
first wall; the symbols represent Irradiation 
1n ORR with neutron energy spectral tailoring. 

alloys will be Irradiated, but following 
this, the spectrum will permit Path B alloys 
to be Irradiated with the proper helium/ 
damage ratio. 
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Fig. 8.?. rteUum vs the dpi expected on 
a fusion reactor f i r s t wall and what can be 
t- lained in OUk ty spectral t a i l o r i n g . 

in DRR w i l l require 1.3 ^cars of i r r a d i a t i o n . 

The > 's , ' s , J ' S , ana * ' s represent the 

calculated data Obtained \i'Arr, a represt.-nlat'i ve 

OefP neutron spectrurr., b-t wi th var iat ions of 

the thermal f lux -nd aoa *ateS. (These data 

hove been extended out to 90 dps.) I n i t i a l l y 

the thermal f lux is increased by 2:0 , and the 

dpa rate i s decreased by 20 . Following th is 

i n i t i a l ner iod, the remainder of the time of 

t r radiat iu>. requires various reductions in 

the thermal f lux and various increases in the 

d>,o r a t e s ( f a s t .'ifrutron f l u * } . 

O'.s id i - rat ion :.as also been yiven to 

l i t i l i ^HMj f!if<-II to increase the dpa level 
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helium only oy direct interactions that occur 
at a iwjch slower rate. 

The data in Fig. 8.? indicate only the 
level of change required in the thenaal flux 
and dpa rates. Methods to yield the desired 
changes were obtained fro* threenlipmslflifeTt 
(3-D) neutron diffusion calculations using a: 
the ifcMuRE'1 computer code with the OUR 
configuration shown in Fig. S.3. the 
oent. which for these calculations has 
assured to be 401 stainless "steel and 60S 
void, will be located In the center of .the C-3 
core piece. The calculations were caw^eW-'^J "> 
out for various Al plus H^ cojpo>ft*MS^trni 
constitute the core piece. -Tlarii^afSoiidSir^v^ >5 
the tlterwl neutron nux : and'dp£ 
shown la'Ffig&jfc. Ttese data ha«e been «sed 
to specify prelinrfr.arily the design^f the 
core piece for the f irst Uto periods * f . 

* * • * 

irr«di*tiqn. During the f i rs t period of 
* 5 ^ # j ^ ^ * h V c « r e piece *riM, •> presently 
planned^ b |^p^s«d of v m Al and -*T. H20 

the changes 

POSITION C 3 
PERIOD 1 375 . Al - 6ZS% a , 0 
PERIOD 2 100% Al 
TEST CAPSULE - 4 0 * STAINLESS STEEL " 60% V T K 

w snonsc-7.£ 3C*.fcy 
•. »m» x mo 11»«i*# * so* M on Be 
T6Sf CAPSULE ~40V5TA*»TESiSTEEL • 60% VO;0 

1" M « ' - - « « • _ - »* »* 
h" " 

»• 
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» t ») »> • 4 *•. •« • » » M •» 
r SR SR 

Be 240 166 110 ISO Mi l 165 240 Be 
C I c> C J e* c» r « c r ce c * 

Be 210 C3 1 » « 120 a 210 3 e 
o t 

OlMMY 
O ] 114 

SP 
a t 

SR 
D> O l »• 

- Be MT 135 1 4 0 ^ t?t "140 136 HT 8 t 
1 1 • » l ) t 4 i t • • • r f * f » 

Br IPS E3 150 E4 ISO ET ts5 Be 
» i » i n 94 

SR 
»» 

SR 

» j - M .*» 
Be 22S 180 8G •>*o 80 180 7 » Be 

frt o> O l C-< 6 1 oe e» »« •• 
e« Be Be Be Be 6> M B« fc 

\ 

FUEL ELEMENT LOADINGS IN 6»AMS Of ^ U 
Be BErtVLLiOM ELEMENT 
MT MVQRAUUC TuBE 
SR SHIM ROD 

Ftg. 8.3. ORR core loading for neutrcnics calculations. 
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f * ' - f j £ ^ gram*, °.-. * t jC 

"" . " '00 75 J-. " it 0 

Fig. 8.4. Variation in * e dpa end 
thermal neutron flux in the C-3 position ir. 

L " - , ORR as a function of core piece composition 
and fuel loading around C-J. 

the preliminary ca'culations for large dpa 
levels require a 15% increase in the dpa rate 
and up to a 75% decrease in the thermal flux. 

8.1.14 Thermal-Gradient Mass Transfer 
In Lithium-Stainless Steel Systems'; 

P. F. 'c-torelH J. H. DeVan 

The possible uses of lithium as a coolant 
and/or breeding fluid in fusion reactors have 
renewed Interest in the compatibility of 
molten lithium with engineering materials. 
Both loss of material due to corrosion and 
development of flow restrictions by mass 
transfer of the dissolved elements to the 
cooler parts of the system are aieas o 
concern. 

The corrosion of type 316 stainless 
steel by flowing Itthium (108 m/hr) was 
studied as a function of tine in thermal 
convection loops. After a transient period, 
the corrosion rates were observed to be 
constant with time with values ranging from 
10-20 mg/m 2 hr. Preliminary analysis indicated 
that the corrosion rate is controlled by the 
diffusion of iron through the liquid-lithium 
boundary layer. The deposition processes, 
which led to flow restrictions in several 
loops, involved the formation of crystals of 
nearly pure chromium in the coldest parts of 
the systems. 

8.1.15 Effects of Nitrogen ana nitrogen Getters 
in Static Lithium on the Corrosion 
of Type ̂ 16 Stainless Steel 1 3 

P. F. Tortorelli J. H. OeVan 
J. E. Selle 

Because nitrogen is a principal impurity 
in lithium, its effect on the corrosion of 
type 316 stainless steel was investigated by 
purposely adding nitrogen to lithium and 
subsequently conducting tests under static 
conditions. This corrosion was studied as a 
function of exposure time ana temperature- It 
was found that the corrosion of type 316 
stainless steel in nitrogen-contaminated 
lithium between 500 and JOO'C was severe, but 
it- a closed system, the corrosion rate 
decreased rapidly with time. The corrosion 
resulted 4n a uniform, porous surface layer 
at 500°C, and the attack was intergranular at 
600 and 700°C. The grain boundary penetration 
was described by an empirical equation modified 
by a time-dependent nitrogen concentration of 
the lithium. 

In an attempt to offset the deleterious 
effect of nitrogen on the compatibility of 
stainless steel with lithium, calcium, 
zirconium, titanium, and yttrium were used as 
gettering agents. When added to nitrogen-
contaminated lithium at 500°C, calcium, 
zirconium, and titanium reduced the extent of 
corrosion of type 316 stainless steel, but 
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their effectiveness was not great at 600 and 
700°C. Yttrium was ineffective St all three 
temperatures. ~ -

8. K16 Corrosion Tests of Austenitic Stainless 
Steels in Static Lithium 

P. F. Tortorelli J. H. OeVan 
J. E. Selle 

The compatibility of type 316 stainless 
steel with liquid lithiws that contained 
either oxygen, carbon, hydrogen, aluminum, 
titanium, zirconium, silicon, or lead was 
studied. The addition of aluminum and silicon 
resulted in continuous and potentially inhibi­
ting reaction layers on the stainless steel 
surfaces. Zirconium and titanium additives 
produced no significant effects compared with 
baseline tests, but lead in lithium resulted 
in slightly greater corrosion. The presence 
of oxygen or hydrogen in the liquid lithium 
had very l i t t l e influence on the corrosion of 
type 316 stainless s.eel under static condi­
tions. On the other hand, the addition of 
carbon altered the near-surface microstructure 
ana resulted in corresponding weight gains. 
The comparative corrosion resistance of a 
variety of 300-series stainless steels was 
determined in purified lithium. Only small 
differences in corrosion response occurred 
among me steels tested. Types 310 and 321 
stainless steel exhibited the largest and 
smallest weight losses and surface degrada­
tions, respectively. 

8.1.17 Corrosion of Lnng-Range-Ordered 
(Co-V-Fe) Alloy in Static Lithium 

P. F. Tortorelli C T. L<u 
J. H. DeVan 

Coupons of the long-range-ordered (LRO-1) 
alloy (60 wt % Co, 25 wt * V, 15 wt % ."e) 
were exposed to pure, static lithium in order 
to determine qualitatively their corrosion 
resistance relative to other materials. 
Tensile specimens were placed 1n LRO-1 

alloy cups containing lithium and were subse­
quently sealed inside type 316 stainless 
steel capsules. Experiments were performed 
for 2000 hr at 600 and 850°C with resulting 
average weight changes of -0.2 g/m- and 
•2.1 g/m2, respectively. In comparison, type 
316 stainless steel that was exposed to 
lithium for 2000 hr at 600°C experienced an 
average weight loss of 0.1 g/m :. The lithium-
exposed specimens were then tensile tested at 
room temperature to determiee their mechanical 
properties. Lithium expos-ire at 6O0°C 
caused a decrease in ductility at room tempera­
ture. However, the ductility is unaffected 
after exposure at 800'I. The reduction in 
ductility after 600°C exposure is not well 
understood at the pressnt time but may be 
related to contamination by interstitials 
that come from the lithium ar the stainless 
steel capsules. __ 

8.1.18 Compatibility of Molten Salts 
with Type 316 Stainless Steel'** 

J. R. Keiser J. K. OeVan 

Molten salts may, lave several applications 
in tokamak deuterium-./itium-type fusion 
reactors. Lithium-bearing molten salts are 
being considered for use as the breeding 
material, low melting point salts ere can­
didates for the coolant, and other selected 
salts may be used for electrochemical extrac­
tion of tritium from lithium. Thermal 
convection loops have been used to study the 
compatibility of type 316 stainless steel 
with L1F-BeFz, KNO3-NaN02-NaNO3, and L1F-L1C1-
LiBr. Results of weight change measurements 
Indicate that the corrosion rate of type 316 
stainless steel in L1F-BeF? drops from 
15 um/year to <Z wm/year when a beryllium 
reductant 1s added to the salt. The corro­
sion rate of the same steel In KfoOj-NaNOj-."-^^ 
was found to be a function of maximum tempera­
ture and ranged f.-om 7 win/year at 430°C to 
•74 um/year at 550°C. In the LiF-L1C1-LiBr 
salt mixture, the measured corrosion rate of 
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ilfc sta 'n iess steel was 2 ..<-,•/ear. j ^ r ing . 

tne experiments, control K.-.: pote^tta* vu l tanev 

was used successfu l ! / to " o r i t c r changes ir. 

tne oxidat ion potent ia l of the sa l t s . 

8.1.19 procurement of Materials for_ the MFE 

Alloy_ Oeveloptsen: ' o r I r rad ia t ion 

Performance in Fusion Reactor Frcg/aiRS 

T. K. Roche 

Four classes of materials will be evalu­
ated simultaneously in support of the program 
*>r alloy development for irradiation perfor­
mance in fusion reactors. These are 

(1) Path A - austenitk stainless steels, 
(2) Path B higher strength Fe-Ni-Cr alloys, 
(3) Path C reactive and refractory metal 

alloy, and 
(4) Path 0 innovative concepts. 

Procurement of Paths A, E, and C al loys 

has been i n i t i a t e d and is no* p a r t i a l l y com­

p le ted. 

A 30!";C-!.s doufcit vac-i'j-.-neited heat of C 

• a t* - p r i - * candidate t l loy .composition 

->"OI»T. :n Tatle <-..z, »as Droduced by Teledyne 

i i l v a c and converted to p late and bar products. 

During 1979 these products w i l l be tne subject 

of addi t ional mechanical working and heat 

t reat ing experir-rnts for determining i r ic ro-

s t ruc tu ra i respj lse and i t s e f f ec t upon 

i r r ad ia t i on per i jn -^nce. 

Two 300-lb double-vacuun-.-svelted heats of 

each of the f ive Path B base research a l loys 

(compositions shown in Table 8.2} have also 

been Made by Teiedyne Ai ivac inc converted to 

bar product. A small quant i ty of each a l l oy 

was subsequently processed to a 0 .024- in . - th ick 

sheet at OP.Nl by extrusion and r o l l i n g pro­

cedures. The sheet stock, was provided to 

nanford ingineer ing Development Laboratory, 

which w i l l perform microstructural studies on 

these al loys pr ior to invest igat ing i r r a d i a ­

t ion performance. 

U contract was negotiated wi th Westinghouse 

f l e c t r i c Corporation for the production of 

Table 8.2. Composition of a l loys for i r rad ia t i on 
performance evaluat ion (wt ) 

Path A austeni t ic stainless steels 

MFE reference heat Of 316 stainless s t e e l , reference 
condi t ion 20 t.old worked 

Crime candidate a Iloy: 
fe-16 Ni-14 Cr-2 Mo-0.?r) Ti-2 Mn-O.^ Si-0.0SC 

Path B higher strength Fe-Ni-Cr al loys 

Base research ^DoyS' 

B-l/Fe-25 Nf-10 Cr-1 Ko-3 f i - 1 . 5 A I - ! Mr;-0.03t 

B-2/Fe-40 Ni-12 C.r-1 Mo-1.5 Ti-1.5 AI-0.2 Mn-O.OX 

B-3/Fe-30 Ni-12 Cr-2 Nb-2 Ti-O.S Al-1 Mr.-0.03C 

il-A/Fe-40 Ni-12 r r -3 Nb-1.8 T i -0 .3 Al-0.2 Mn-0.03C 

B-6/Fe-7S N i - l i Cr-1 Nb-2.5 T i -1 .5 Al-0.2 Mn-0.03C 

Path C react ive and ref ractory meta , al loys 
Scoping a l l oys : 

V-20 Ti 

V-1S Cr-0 Ti 

V-9 Cr-3.3 Fe-

Nb-1 Jr 

Nb-5 Mo-1 Lr 

.3 /r-O.O0C (Vanstar 1) 
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three *anaiit*--- and two mobiuc-bise ?ath C 

al loys co-: 'os:t ions s*o*r. -.n Tatsle S .2 1 . 

Sn*et and res crod-cts of tnese a l loys are 

e*pectsd during 1979. 

fc.2 DAMAGE A'.ALYS'.S 

•S.2.1 Rari5e_ CaJcu_Ia_tjpns V>in£KjiJtij jroup. 

Transport Methods 

T. J . Hoffman H. I . Rocinscn 

H. L. Dodds, J r . 

The appl icat ion of the discrete ordinates 

transport theory code ANISK to calculat ions of 

l i g h t - i o n sput ter ing y ie lds was discussed i n a 

previous r e p o r t . 1 ' We have now applied s imi lar 

methods to the ca lcu la t ion of pa r t i c le range 

d i s t r i bu t i ons . These techriques are i l l u s -

- t ra ted by analysis of : ' A u atoms reco i l i ng 

from (n,2n) react ions, in Au. The resu l ts of 

"these calculat ions agree well with range calcu­

lat ions performed with the atomist ic code 

MARLOWE. Although some deta i l of the atomist ic 

model is lost in the multigroup transport c a l ­

cu la t ions , the improved computational speed ray 

prove useful in the so lu t ion of fusion material 

design problems. The work w i l l be described 

in a forthcoming report in the Jruituii c< 

.VuetYa.*. Maft i r tots. 

8.2.2 Study of the Low Energy Responses, o<_ih? 
BCACode MARLOWE 

M. T. Robinson 

Because dynamical methods require too 
great an Investment in computational resources, 
an efficient methodology for displacement 
cascade simulation requires the use of codes 
based on the binary collision approximation 
(BCA) at high energies. At sufficiently low 
energies the BCA is no longer an adequate 
representation of the motion of the recoiling 
3toms mainly because individual collisions 
become Difficult to Identify. In order to 
determine a reasonable (lower) energy limit 
for BCA calculations, comparisons of the BCA 

code •WRlOWE-- with the dynamical code COMEKT-
and m e q^asi-dynamical code ADDES" are 
belie ~^ie. So-e contributions to the BCA 
Part of m i s conpan^on ar^ described here. 

A potentially important parameter in 
MARLOWE is p_, the iBaxinun) impact parameter 
allowed in any collision. This quantity 
establishes the effective sizes of the atoms 
in the crystal, ff face-centered cubic (fee) 
crystals are described by first and second 
neighbors only, (l/6) : • p^/d - (5/8) !' v. 
where a is the caoic unit <ell edge, is 
required to obtain correct generation of 
crystal by the program. As a first study of 
this parameter, a series of recoil range 
calculations was made for copper primaries 
slowing down in copper, using 1000 primaries 
in each group. No simp'e dependence of the 
range on p is observed, the differences 
being attributable to statistical effects 
aione. Thus, for range calculations, which 
are determined inainly by energies^iear the 
initial primary energy, the results are 
insensitive to the impact parameter cutoff. 
This reflects the very itiall amount of energy 
lost in the large impact para>neter encounters. 

Schiffgens and SchwartzX H reported a 
series of comparisons of linear collision 
sequences (LCS's) evaluated by COMENT and 
AOOES. These same LCS's have also been 
examined with MARLOWE, using tne same Moliere 
potential and screening length. Each atom 
was bound to its lattice site by an amount 
E b. Other work has shown that perfectly 
focused Oil • LCS's in this potential require 
L b * 0.5 eV for MARLOWE to give agreement 
with oynamical results. Preliminary studies 
of LCS's with Version 11 of MARLOWE suggested 
several modifications of the program, particu­
larly with respect to Improving the procedure 
for avoiding unphyslcal repetitive cycles of 
collisions with small sets of targets. In 
general, MARLOWE -011> sequences are shorter 
than those in COMENT. In contrast to Oil' 
LCS behavior, the -001 • and '111 • sequences 
generated by MARlOWE are longer thin those in 
COMENT, and these lengths are less sensitive 
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to the choice of parameters. Both aspects 
accord «!th expectations based on the approxi­
mations used in NARLOwE. 

c.i RADIATION EFFECTS ON ORGANIC INSULATORS 
FOR SUPERCONDUCTING MAGNETS*'*'* 

R. H. Kemohan R. R. Coltman, Jr. 
C. J. Long C. E. Klabunde 

The impetus /or a program to study the 
effects of irradiation at liquid helium 
temperature on the properties of organic 
insulators is derived from the need to under­
stand the irradiation behavior of materials 
that cay De used in the construction of large 
yjperxo-.ducting coils that provide magnetic 
containment for the plasma in a fusion reactor. 

During this reportieg period an experi­
ment assembly was irradiated near 4.9K in the 
CRNL Low Temperature Irradiation Facility 
(LTIF), which receives a highly thermalized 
neutron flux originating in the ORNL Sulk 
Shielding Reactor (BSR). Neutron capture 
gamma rays produced in a cadmium shield 
surrounding the assembly added to the ambient 
gamma level to provide an intense gamma ray 
flux that was by far the principal damaging 
radiation received by the samples within. 
The specimens were arranged in two groups, 
or.e for the in situ measurement of resistance 
changes during the irradiation and annealing 
program and the other for postirradiation 
measurement of mechanical and electrical 
properties after warmup to room temperature. 
Measurements after warmup are considered 
appropriate because periodic annealing is 
expected during the operating life of a 
fusion reactor magnet. The measurements and 
observations Included lap shear, three-point 
flexure and compression strength, resistance 
and voltage breakdown, weight loss, and 
changes in color and surface features. The 
materials tested were Stycast 2850 Blue and 
Epon 828 epoxies, EF-527 B-stage glass 
doth-epoxy compcilte, NEMA G-10 and FR-5 
glass-epoxy laminates, Nomex paper, Kapton 

film, Forovar varnish on copper wire, and 
alurcini;ed Mylar. 

In this experiment the dose was increased 
to Z x 10'" rads» a factor of 10 greater than 
for our first test.-'' The in situ resistivity 
specimens showed decreases to as little as 
one-third the starting value, but -11 values 
remained in the usable range. The apparent 
resistance of the in situ resistivity specimens 
dropped by a factor of 2-50 on waraup above 
200K after irradiation. The original resis­
tance was restored, however, by purging the 
sample chamber with clean helium gas. This 
result could be explained by electrical 
leakage due to contamination of the chamber 
atmosphere by a species that is immobile at 
4K. Its identity and source are presently 
unknown. 

In contrast to the first experiment, the 
higher dose in the second experiment produced 
significant changes in some mechanical pro­
perties. One example shown in Table 8.3 is 
the three-point flexure strength tested at 77K 
after irradiation at 4.7K and warmup to 300K. 
This property is particularly important in 
magnet design. Upon removal from the experi­
ment assembly, aluminized Mylar specimens 
fractured into several pieces, suggesting 
limited use of this material as reflective 
insulation for superconducting coils. 

The electrical properties of all materials, 
while changed by the irradiation, remained 
suitable for their intended use, but some 
degradation in mechanical properties appeared 
after a dose of 2 x 10- rads. 

Sample preparation is now complete for 
future tests that will examine the Influence 

Table 8.3. Three-point flexure strength (H?»)a 

Control 2 x 10° rads 
Stycast 2850 254 143 
Epon 828 225 263 
G-10 862 191 

dEach value is the average for three tests. 
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cf fas t neutrons cosfcined " i t * gasra rays on 

oroperty changes and extend the i r r a d i a t i o n 

dose to 1 x I 0 : : rads. 
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AfcaCuc,'. The neutron transport program 

includes both experimental and ana ly t i c 

phases. The experimental program i s designed 

to provide data necessary fov ve r i f y ing the 

analyt ic methods and cros i -sect ion data that 

are used it Oik P.i-iyC r a t i ona l Laboratory 

(ORKl) and throughout the United States for 

fusion reactor neutror.ics design ca lcu la t ions . 

Experirrents are bein-j ca r r ied out t o determine 

the neutron transport i n typ ica l fusion 

reactor sh ie ld mater ia l - , and conf igurat ions 

and to determine the e f fec ts of penetrations 

in these sh ie lds . The analyt ic program is 

directed a t prov id ing support for the design 

of the integral experiments and comparing the 

calculated viata wi th those obtained exper i ­

mentally. he«tronics ca lcu la t ions have also 

been carr ied out in support of the design of 

the Tofcarvak fusion Test Reactor (TFTR) beiw} 

b u i i t at Princeton Univers i ty and of ft»svon-

f iss ion hybrid reactor studies a t GRNL. The 
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Program, Universi ty of Wisconsin, hadison, 

W i s c o n s i n , 

6. Present address. Thermonuclear Fusion 

Research t t v i s i o n , Japar. Atomi; Energy 

Research Inst i tute ' . 'Tokaf R«e*rc i i 

Establ istwent, Japan. 
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Radiation Shielding Information Center (RSIC; 

has continued to supply a broa* ran*:- of 

services to the fusion energy research 

community. 

9.1 AHAIYSIS OF XAGNETIC FUSION ENERGY 

IHTEGRAl EXPERIMENTS 

P.. G. A l s m i l l e r , J r . G. L. Ko-gan 

J . K. Barnes - £. M. Oblow 

G. 7. Cnapswin R. T. ^antoro 

Y. Ueiti 

An in tegra l experiment and analysis 

program Supported by the Off ice of Fusion 

Energy (0F£) has been under way at ORNL for 

approximately two years. The purpose of t h i s 

program is to dt-si.jn and carry out in tegral 

experiments that w i n provide data necessary 

to v e r i f y the nuclear data and rad ia t ion 

transport methods that w i l l be used in the 

design of the blanket and sh ie ld assemblies 

of fusion reactors and to provide th is a r i f l * 

c ; t ion through extensive comparisons between 

calculated and experimental data. 

The experiments fo r measuring .neutron . : ' ' 

and gamma ray spectrrt a t several detector 

locations behind laminated slab shields hive 

been completed. The n«i»iror=s * re produced. . 

via deu te r ium- t rH 'ue <0-Tj react iocvih<J are 

used to measure the J4-MeV .**utn)ii t r a n s i t 

through mater ia ls that, mz\d be f f tur .dfn the 

inner to ro ida l "rhle ' .dvf a l ir. ' je tokaH',*'' ••^•'-" 

reactor. The slab* o f sni«Tfr material are 

152-cm square and art sy&ported \m a l l t i l e * : 
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•r 3 COr.ri'rte I t ^ j c t a r e •'aviiv; a 1-1[rA'HT. 

f n c t r f s s c* i t? c~. ' . t i t ' e l «t£r? %i» 

e>2f- ; ~*T*. i ' j . o n ' i ' j ' j r a f . C i ra^g^n -; frcsr no 

S*?*!-* around the D-i SGurcc to a 61-Cm-

tr.kk shield c o n s i s t * . ; of iayers c f s ta in less 

zs t f » ! ar..: borate 1 concrete. T*e f u l l ShieltS 

consisted cf 30.6 cm of stainless steel 

fc'-lcwed by 10.5 c? of a l ternat ing 5-cc-

tiii'cfc layers of. s ta in less steel and borated 

polyethylene. T r !e neutron art carina r>«y 

spec'-'T behind t h e i t '.hie'ds were sieasured 

usir.^j an St-213 H g u i J s c i n t i l l a t o r . 

Calculations of these spectra are fceir.g 

perforaed, and prel iminary comparisons o f t h * 

neutron spectra are ava i lab le . The calcula­

tions are carr ied o&t 'us in$ the two-dimensions! 

; t2-B) discrete ortnnates code Dt/T. :" Ir- order 

t o " f a c i l i t a t e the ca lcu la t ions, a reduced 

geometry is used to describe the exp^rifnental 

f a c i l i t y . The deut«ron d r i f t tube, the iron 

scarce -cat., and tne concrete support s t ructvre 

are f u l l y acdeied. The wa'lis awt c e i l i n g of 

the experimental ha i l are, however, replaced 

by arbe.10 surfaces chosen so that the soalar 

f lux p ro f i l es are th« sane as those obtained 

with the f u l l experimental geometr.'. The 

eApertajental conf igurat ion is described using 

42 radial and 62 ax ia l mesh in te rva ls . The 

rad ia t ion transport i s performed using a 

42-neutron group cross-section l i b ra ry 

obtained by col lapsing the 171-neutron group 

VJTAMIN C l i b r a r y . - A Pj expansion cf the 

cross section? and i n S l ; angular quadrature 

are used i n tf«. ca lcu la t ions . 

Show^ in F ig . 9-1 ' s i r compaHsj&n o f the 

calculated ana experiments! neutron f lux 

spectra behind 3SU5 cm ? f stafnTws steel 

shieTdfnfl a t one of- the detector locat ions. 

The so l i d l i n e s , showing t**e exper imental , 

r e s u l t s , Indicate the unfoldad s t a t i s t i c a l . 

uncer ta inty In the experimental r esu l t s , and 

ther-iots are the calculated resu l ts . The 

calculated data were obtalrwc by smoothing 

ihe f lux per ^ jn l t energy In each mul t lg rou^ 

energy- in terval »*i.th an energy-depemtent 

ia^ssian diifc"1butfori that cMr j tc te r l ^s - ' the 

: * «•.'•;«. vietectcr response. The" agreement 

•J*\. ^»-i •> •»'' 
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Fig. 9.1. Comparison of calculated and 
experimental neutron spectra behind 30.48 cm 
of SS-304. 

ar.ong the data is encouraging. Howeveri tiie 
U-T neutron source representation that was 
useJ in the analysis was approximate. 

- The cs'culaiions are now being perforated 
with a more accurate representation of "the 
neutron source that takes. »nto account the 
an^le-energy relationship of the 0-T neutron 
source. Also, a cross-section library that 
includes 21 gamma ray energy groups will be 
incorporated to allow for comparison of the 
experimental and calculated photon spectra. 

Experiments to determine the Yieetron 
streaming thrcugh a typical shield penetration 
Are also in progress. 

9.2 KACSOSC0PK CROSS SECTION SENSITIVITY 
STUDY FOR FUSION REACTOR SHIELDING 
EXPERIMENTS3 ~ . 

Y. SeM 

R. T. Jantoro 

E. M. OblOM 

J . L. Uuciui 

S e n s i t i v i t i e s of the calculated nv i t ron 

and gam.«a ray responses of an NE-213 detector 

to the macroscopic cros i sections for neutron 

Interact ions In materials used In j n In tegra l 

experiment for fusion reactor sh ie ld ing 

studies are presented. Sens i t i v i t i es f o r the 

i n f r a c t i o n s In the 14-MeV and 1- to 2-MeV 

ener^singes are found to be <arq? enough to 

'/Ji. 
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ensure the derivation of a s"gr,; 'Kant anwu»»t 

of information from the enpertinent. 

9.3 COMPARISON OF ONE- AND TWO-OIKENSIOXAl 
.. CROSS SECTION SENSITIVITY CALCINATIONS 

FOR A FUSION REACTOR SKIELDIKG EXPEP.IKEJrP 

> . Seki £. M. Ofclow 
R. T. Santoro J . L. Lucius 

Cross-section sensit ivi t ies calculated 
with I - and 2-0 models of a fusion reactor 
shielding experiment are compared The 
effectiveness of the 2-0 calculation in 
accurately modeling the experiment and detector 
configurations is demonstrated- At the sane 
time, the val id i ty of a "«-D sensitivity study 
is also demonstrated* 

9.4 CROSS SECTIOR SENSITIVITY ANALYSIS OF A 

PROPOSED NEUTRON STREAMING EXPERIMENT ' 

WITH A THO-DIHEHSIONAt MOOEL'' -"'' 

V . S e k i . E, M. Oblow 

R. T. Santoro J . M. Barnes 

J . L. Lucius 

Cross-section sensitivity analysis of a 
proposed streaming experiment for a typical 
penetration lin a fusion reactor shield has 
beet performed using a 2-0 sensitivity method. 
The neutron streaming was shown to Je deter­
mined mostly by the 4.5-cm-thick duct liner 
made of iron 4nd by the concrete structure 
Immediately surrounding the liner. The 
neutrons scattered near the surface of the 
finer were found to be very important, A 
reco«*neirf1a'.ion is made to move the proposed 
oetector position to Improve spatial resolu­
tion In the measurements without changing the 
sensitivity of the measurement to the nuclear 
characteristics of the duct materials. 

?.b T«Q- "«D THRil-DJMEKStOSAL 8£U7R0HICS 
CALCULATIONS FOR THE TTTR NEUTRAL 6£AH ; 
INJECTORS* 

R. J. Santqro R- 6. AlsmiHer, Jr. 
R. A. Lillie J. M. Barnes 

' TKO- and three-dimensiona! radiation 
transport methods have been employed to 
estimate^tbe nuclear performance of the 
neutral beam injectors being designed for the 
TFTR. The nuclear heating rates and neutron 
and gamma ray eitirgyL spectra hac* been calcu­
lated at various locations in a detailed 
calculatiohal model of the injector using 
Honte .arlo methods. Calculations have a'so 
teen carried out usin: aisrrete ordinate* 
sslnods to obtain estiiwos or tnese data in 
a 2-0 model of the injector. The 2-D caicu-
lational procedure was developed as an 
analytic tool for more cost-efricient scoping 
ard parametric studies of the effects of 
design changes on the injector performance 
due to the streaming of 14-MeV neutrons. Ihe 
nuclear responses and spectra obtained viing 
the 2-0 calculational model agree with the 
more definitive data obtained using the 3-0 
model within approximately a factor of 5-

9.6 SHIELDING CALCULATIONS FOR THE TFTR 
NEUTRAL BEAK INJECTORS7 

R. T. Santoro R- A. Lillle 
R. 6. Alsmiller,-Jr. J. M. Barnes 

Two-dimensional neutronics calculations 
have been carried out to determine the shield­
ing requirements for the neutral beam Injectors 
to be used with the TFTR. Neutral deuterium 
was injected into the tritium plasma through 
a duct that passes through a concrete pillbox-
shaped shield (igloo) that surrounds the 



reactor. The reactor and igloo are housed in 
a large concrete &ui!d'*q {test ce l l } - The 
concrete in the igloo anii m the roof and 
waits of tne'test ceil is sufficiently thick 
to reduce the biological dose rate fror-
neutrons and secondary ga"isa rays outside the 
test cel l to an accepta&Je lisr-it of 0.5 «rer,/ 
&-I pulse." However, sone of the neutrons 
produced in the 0-T pulse stream through the 
injection duct resu'ted in an increase in the' 
u^e rate or. the Voof and outside tre test 
cell M 1 1 . The purpose of this stud/ was to 
determine the l o t i o n and thickness of̂  
additional concrete shielding around tne 
neutral beam injector necessary for maintain-
in? the dose rate outside the test cell a t 
the acceptable l imit . & 

Two scries of calculations were performed. 
In the f i r s t , only the igloo and test cel l 
*ere include^in the calculations 1 model to 
determine the biological .dese rate outside 
the test cell with no injectors present. In 
She second, the injector aw:'the test ce l l 
were modeled to determine the dose r i te 
outside the test cell from radiation streaming 
through the injection duct. Because the 
details of many of the calculational procedures 
may be found in Ref. 6 , they are only briefly" 
summarized here. 

The D-T neutron source distribution was 
taken to be that at strong pos'compression 
of the plasma' and was transported using the 
2-D discrete ordinates code DOT1 with the 
TFTft, igloo, and test cel l modeled in r-z 
geometry with toroidal symmetry about the z 
axis . The flux distributions from this 
calculation were folded with neutron 9 and 
gamma ray10 flux-to-dose conversion,,factors 
to obtain the biological dose rates on the 
test c e l l outer surfaces. 

The contributions to the dese rate-from 
neutrons streaming through the injection duct 
and from the radiation leaking through the 
igloo wall and interacting in the injector 
were obtained in a second calculation. The 
neutral beam injector and the test cel l were 
modeled in r-i geometry with symmetry about . -

tr-v a*"^ L* i'i;r ; * i - f . ">»:• sou^e for this 
•t-'-i'.*•>'•: *&. jttdtn-- - :y j--ocessin<5 me 
outwarc-iire<.t'--: i r i^ ia r 'lux at tne surface 
of the igloo obtained in the calculation 
usins t ie toroidal geometry with the interface ' 
code DOMINO.:• The norr-alized probability 
distribution functions in energy, space, end 
angle generated by DGHINO were sa*r»led using 
the MORSE code- to obtain the radiation 
current through a 200-as-<radios di ik located 
in front of the injector. These data were 
then processed with the code GRTUKCL;': tc 
obtain the f i rs t -co l l is ion and uncoilided 
flux distributions of the radiation leaking 
through the igloo that interacted in the 
injector. Thex£utronS from the plasma 
streaming directly through the duct were a ls i 
calculated using GRTUNCl tfl§fj|t3in the uncol-
lided fluxeand fir;t-coll ision~scurce in the 
injector arid test cell wall that are i n l i n e 
of sight with the plasma. Thedirect streaming 
a-.d leakage distributions were appropriately 
combined and used as the source ten; in DOT 
for completing the radiation transport-through 
the injector. 

M l of the calculations were carried out 
using a 35-n, 2\—i energy group, C—expanded 
transport cross-section Hbrary obtained b y -
collapsing the 171-n, 36-> VITAMIN C data 
^et. : An S. angular quadrature was used-in 
a l l of the DOT calculations. The dose rates 
wertf normalized to a source strength of 3.5 x 
10s" ntutrons/D-T pulse. 

The dose equivalent per pulse as a 
function of distance along the test ce l l rocf 
(from the roof center to the outer edge) and 
along the wall (from the Injector centerline 
to the roof) is shown in Tigs. 9.2 and 9 .3 , 
respectively. In both figures the curve 
labeled "without injector" was obtained from 
the calculation including only the reactor, 
igloo, and test cel l and represents the dose 
rate outside the test ce l l with no injector 
present. The curves labeled" "unshielded 
injector" and "shielded injector" were 
obtained from the calculation including only 
the injector and test ce l l , and these reprei nt 
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Fig. 9.2. 'Dose equivalent rate as a 
function of distance along the test cel l roof. 
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Fig. 9.3. Dose equivalent rate asra 
function of distance along the test cell wall. 

the additional dose outside the.test cell dye" 
to the presence of the injector, for the 
shielded injector, 30 cm of concrete lines 
the lateral surface of the injector, and 
60 cm of "concrete is used to attenuate the 
neutrons streaming out of the back of the 
injector. The total dose is obtained by 
adding the curve without th* injector and 
either of the two remaining curves. 

The TFTR is designed to operate with 
several neutral beam injectors. Therefore, 
the curves obtained when the injector is 
present must be multiplied by the number of 
injectors and then added to the curve obtained 
without the injector. This m y result in a 

,:. slight overestimate of the djnse because all 
of the injectors are not at the same distance 

-_. from a given point on. the roof. It appears, 
• ;|hjtp, that some shifting of the literal 
; ̂ ^ a e e s o^ the injectof may te required to 
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siaintain the dose rate'"tiBrSmf^^SS^S[>"c " ' 
acceptable level. The amcvj^ar^lO^tien of < -
tne shieldino will depend o^3^:^^SWto_ .V -*- ..-[ -
of the injectors a b o ^ / ^ 2 r ^ 6 ^ g ^ 5 f e ^ > ' e ^ ^ H r x " 
however, necessary to^ ine l i^ tW^cSK "'-"- I-?^-.S . -
« ick shield behind the^thieeWs to.rednw,: '• '^JT' Vr-
the contribution-to'.the 4aie^ii^'i^-^t}ji"J&]f^$\ ;§*•.*! 
from neutrons, streaming directly thrp^j ihe ; ^ 
injection duct. '" ' "."',•; 

*}.T DOSE RATES FROK INDUCED ACTIVITY ; W 1H£ 
• ' * • ' . £ % 

TFTR TEST CEIL1* c" 

cR. 6. Alsmitfer, Jr3 
J, Barish 
R. T. Santoro 

B. A. t f l l i eV" 
J. N, Barnes 
H. K. H. Ragheb 2 

The TFIK, wh*ch will operate on a 0-T 
cycle, is being constructed at Princeton 
University. In this paper calculated results 
of the induced activity in the TFTP test cell 
are presented. Calculated results similar to 
those presented here have previously been 
presented by R, A. Friedenberg.'' Ir the 
work of Friedenberg, the effects of a neutral 
beam injector and the laroe penetrations 
through f̂ e primary shield needed to accom­
modate neutral beam injection were neglected; 
here they are taken into account. Furthermore, 
the calculdtional procedure used to obtain 
the results presented here differs from that 
of Friedenberg in that the photon transport 
calculations are carried out by Monte Carlo 
methods rather than by discrete ordihates 
methods. The use of Monte 'aria methods 
allows all of the time-dependent calculations 
to be carried out after the. photon transport 
calculations"* and greatly facilitates the 
consideration or a large number of D-T 
pulse sequences and times after machine 
shutdown. 

In Fig, 9.4 a wry schematic diagram of 
the TFTR test call is shown. The scalar 
neutron fluxar used here are those obtained 
previously by R, T, Sa^toro at •! .? for the 
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Fig. -)A. Schematic.diagram of the TFTR 
test ceil with a neutral beam injector. 

the primary source of activation cross-
section data, a few reaction cross sections 
r̂or. EHDf/E-IV'; were used. 

The shotor. spectra from each raciisactive 
res>.iiidl nucleus considered in tne calculation 
wsre obtained from tne Eva1 " ...d Nuclear 
Structure Data files that are available frc" 
the Nuciear Data Project at ORM. 1' Calcula­
tions of photon transport were performed with 
the Monte Carle coda MOPSE1- using cross-, 
section data taken rom Ref. 20. The photon 
fluxes were converted to dose equivalent rate 
using the flux-to-dcse equivalent rate conver­
sion factors of Claiiorne and Trubey.1-

In Tig. 9.4 the numbers between the 
arrows indicate that approximate positions 
where the activation dose equivalent rates 
will b~ presented, and the arrows indicate 
tne spatial intervals over which the dose 
rates have been averaged, In Table 9.1 the 
totat activation dose equivalent rates, i.e., 
the dose m e s from ull residual nuclei 
considered, are presented for tne case o f 

1000 D-T pulses applied at the rate of 100 U-T 
pulses/day for each of ten consecutive days. 
The deration of a D-7 pulse Is 0.5 sec, and 
the time between pulses Is 5 min. In the 
table the dost rates are given for one hour, 
one day, and one week after the last pulse. 

The error on each entry in the tabic is the 
statistical error, one standard deviation, 
expressed in percent. Results ire presented 
separately for the case of the test cell with 
no injector present and for the contribution 
from an injector. The geometries are such 
that the two contributions are additive, but 
it snuct be understood that when the two 
contributions are additfve, only an upper 
limit on the dose rate >s obtained; in the 
photon transport calculation without injector, 
the injector structure is not present to 
attenuate the photons. When there is nc 
injector present, the calculated results are 
comparable to those obtained by Friedenberg'5 c 
but are not exactly the Vane because the 
uoncrete compositions used here are not 
exactly the sase as these used in the calcula­
tions of FrHdenberg. 

Calculated results simiK-r to those 
given in Table 9.1 for a variety ">f different 
pulse repetition sequences, times after the 
last pulse, and ether positions in the test 
cv.ll have also teen obtained and wit! be 
presented. Furthermore, for each total dose 
equivalent rate obtained, the contribution to 
this dose equivalent rate froir each residual 
nucleus considered is available, and some of 
this information will also be presented. 

9.8 6£SiiN CALCULATION? FOR A 14-«eV NEUTRON 
COLLIMATOR 1 

R. A. Lillie R. G. Alsmiller, Jr. 
J. T. Mihalczo 

A number of SS-316 right circular 
cylindrical shells of varying lengths have 
been analyzed using 2-0 discrete ordinate* 
<.. *nspcrt methods together with first and 
;ast flight particle estimators to aid in the 
oVs'gn of neutron collimators for the TFTR. 
If. he TFTR the 14-KeV neutron source has a 
»;•.>• larue spatial extent, and the collimators 
must be designed to allow spectral measurements 
tlwt rtftr to only a small spatial region of 
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this extended source. The analysis i d e n t i f i e s 
the 14-HeSf neutrons from scattering in the 
SS-316 imnediately adjacent to the coll imator 
opening as the dominant contributor to detector 
background. Collimator lengths greater than 
0. H I were found to be suff ic ient to attenuate 
uncoilided background neutrons for reasonable 
source-detector distances. The lower energy 
(-̂  13.8 MeV) neutron background and gamma 
background were not foun.i to be s igni f icant . 

9 .9 NUCLEAR PERFORMANCE OF MOLTEN SALT 
FUSION-FISSION SYMBIOTIC SYSTEMS 
FOR CATALYZED DO AND DT REACTORS -

M. H. H. Ragheb 
R. T. Santoro 

J . K. E « T , , 
M. J, Saitmarsh 

The nuclear performance of a fusion -
f i s s i o n hybrid reactor having a molten s.ilt 
composed of Na-Th-F-Be as the V'antn.-i tur t l l e 
materijl and operating with t ,a.alyzed D T 
plasma 1s compared to a similar >ystew uulU-
ing a Li-Th-F-Be salt and operating with a 
D-T p! isma. The production of fissile fuel 

yfa the - '•Th-^^jF^Tc^ie to^^i*rel 
on the L^sis of iti"|»tentJal w»p(J^Uf( 
aspects. -The w f i ^ M e j ^ ^ r e 
using 1-0 discrete ordii»tl^j« 
cowpare iwutron balances, fuftj 
rates, energy deposition rates, ardf tl»e 
radiation damage in the reactor sti 
The results indicate that the Ha s 
conjunction wi th the catalyzed &-0 
represents a vtablc alternative tos 

salt and' D-T plasma. In a reactor 
of a 42 ce-tltfck salt cafaHm££f&f\ 
a 40-cn-thlck graphite refttcter|*^r 
saTt-catalyzed 0-0 systt* exhibtte^^^wr-* 
fissile nuclide production potential vfY 
T ,'n.Y> reactions (0.880 reacMon?/so*rje 
neutron} than the Li s a l t 3-T system (0.737 
-•f.actlons/source neL,ron) without the addi­
tional complication of rntium production in 
th<* blankr',, A lOOO-HW(e) 0-H hybrid reactor 
i i estimated to be abie to support 14 f i s s i on 
reactor. of the same power operating in the 
once-through cycle-. i D - I nybnd reactor can 
support about 8 i i s s lon r%actors. 

, ' l^tH**") 
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9.10 RADIATION SHIELDING INFORMATION CENTER 

6. F. MasK^tfit* R. H. Roussin 
0. K. Tnjbey 

The RSIC, esta>Iished in 1962, serves 
its user cowiainity jy collecting, organizing, 
processing, evaluating, packaging, and dissem­
inating information related mainly to recrtor 
and weapons radiation. The scope inclines 
the physics of interaction of radiatior with 
matter, radiation production and transport, 
radiation detectors and measurements, engineer­
ing design techniques, shielding materials 
properties, computer codes useful in research 
and design, and nuclear data compilations. 
Originally established to support research 
related tc f ission, RSIC now supports fusion 
reactor technology. The major act iv i t ies 
include (1) operating a computer-Cased informa­
tion system and answering inquiries; (2) 
collecting, testing, paccaging, and distr ibut­
ing computer codes; and {3} evaluating and 
processing nuclear data l ibrar ies. 

All RSIC act iv i t ies contribute to the 
fusion technology program. During the current 
reporting period, special emphasis has been 
placed on providing a general purpose f ine-
group library for use by the fusion neutronics 
community. A 61-material version of this 
l ibrary, DLC-41B/VITAMIN C, was released 
during FY 1978, and its use was demonstrated 
in a seminar-workshop on multigroup cross 
sections. '.•'• Plans have been proposed to 
produce an updated new version based on 
evaluated data from ENDF/B-V.H' 

A second seminar-workshop Included a 
presentation of sensitivity and uncertainty 
analysis-'*' applied to fusion reactor systems. 

During the year the RSIC data base 
increased in each subtask: 

(1) . iterature 8500 ci tat ions- 7 may be 
accessed on OOE-RECON, 42 RSIC reports 
issued with several volumes in series; 

(2) codes collection there are 340 complex 
shielding code packages'" and 140 auxi l ­
iary data processing packages; •"* 

(3) data collection 62 data library 
packages- and additional working cross-
section l ibraries are maintained for 
0CE-0FE and Deiense Nuclear Agency (DMA) 
sponsors. 

The RSIC newsletter distribution is -1550. 
RSIC latest user stat ist ics (FY 1978) 

indicate that 2900 separate letters and 
telephone calls (^-12/workrtay) were processed 
during the year and 113 . sft"-v.«ere received. 
The fusion research community accounted for 
•V-20'J of the total number of requests. 
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Abstract. The Management Services Section 
provides coordinated professional adminis­
trative services to the Fusion Energy Division 
(FED), allowing the work of technical pro­
fessionals to be more fully concentrated if; 
their areas of specialty. Services are 
provided in general administration, personnel, 
financial management, communications (including 
text and graphics generation), management 
information, library, safety, quality assur­
ance, and nonprogrammatic engineering services. 
Highlights of the past year included adoption 
of the Procurement Module in the FED Manage­
ment Information System (MIS) for use by the 
entire Laboratory, completion of the Personnel 
Module of the MIS, greatly increased personnel 
recruiting activity, and increased industrial 
subcontracting activity. 

10.1 INTRODUCTION 

The Management Services Section has now 
completed two years of operation in essentially 

Part-time. 
1. Information Division. 
2. finarice and Materials Division. 

the same organizational form as originated. 
The value of centralizing management functions 
within a section has been clearly demonstrated, 
and the general methodology of the function­
ing of the section within the Division has 
been established. Thus, more attention is 
now turning to improvements in relationships 
with external organizations and to procedural 
improvements. In the following sections of 
this report, highlights of specific accomplish­
ments are presented. The organization chart 
for the Division is shown in Fig. 10.1. 

10.2 FINANCE OFFICE 

The funding trend for the Fusion Energy 
Division and Program continues to exhibit 
substantial growth, as illustrated in Taole '0.1 
and .'iq. 10.2. This trend creates a relaied 
need for growth and improvement in sperinc 
areas of financial control. In order to meet 
the research objectives of the Program, 
increased emphasis must be placed on financial 
analysis, variance reporting, and accurate 
cost projections. 

During the past -year the Finance Office 
continued to provide monthly cost reports for 
th<- various work breakdowns, to work with 
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Table 10.1. Fusion Energy Program expense funding 
Dollars in trjusands 

Activity 

Confinement systnas - tokamak systems -
major device fatrication 

Confinement systems - magnetic Mirror 
systems - research operations 

Confinement systems - magnetic mirror 
systems - major device fabrication 
(EBT-II) 

Total confinement systems 

Development and ter!mology - magnetic 
Systems 

Development and technology - plasma 
engineering 

Development and technology - fusion 
reactor materials 

Development and technology - fusion 
systems engineering 

Development and technology -
environment and safety 

Total development and technology 

Applied plasma physics - fusion plasma 
theory 

Applied plasua physics - experimental 
plasm research 

Applied plasma physics - national MFE 
computer network 

Total applied plasma physi /> 

Reactor projects - TF7R 

Total reactor projects 

Total ORNL funding 

FY 76 FY 77 FY 78 FY 79 
actual actual actual funding as 
cost cost cost of Karch 79 

Confinement Systems - tokamak systems 
research operations 

0 178 205 
S 7,4'V-- .$13,5M 

r.~ -, 

J 3,367 : 5.691 

4,998 6.063 

1,016 1,645 

1.230 2.535 

0 0 
$10.61! $15,934 

S 1.804" S 2,063 

580 843 

0 271 

$ 2.384 S 3.177 

0 _ _ 3 2 1 
0 J2_l_ 

S20.455 $32,964 

$13,182 

$ 7,593 

5,442 

2.796 

1,954 

55 
517,840 

S 2 , 1 % 

898 

J69 

S 3,283 

5 
0 

$34,305 

FY 8C 
budget 

submission 
FY 81 
budget 

submission 

$ 3.846 5 6,811 $ 5.973 $ 6.900 

2,534 4,574 4.709 5.290 

1,080 1,969 2,295 2,900 

2,000 
517,090 

$10,910 

5,560 

2,9*5 

1.G55 

J60 
$21.530 

5 2,250 

395 

____290 
S 3.435 

0 
0 

542.055 

5 8.100 

2,880 

S.282 

-f$j40C 

$25,662 

514,925 

3.425 

3,460 

5.000 

jOO 

531,910 

5 ?,9S0 

•63 

_350 
5 4.263 

0 

0_ 

S6I.83S 

$ 9,175 

2 , 4 5 1 C 

6.5&S 

20.600 
$38,811 

$13,514 

9,700 

3.708 

6,620 

W 
533,642 

S 3.400 

1,193 

450 
$ 5,048 

0 
0 

$77,501 

research personnel in properly planning 
expenditures within budget constraints, to 
operate the coordinated work order control 
system, ano to perform many other functions 
associated with Oivision financial/accounting 
transactions. 

10.3 OFrlCE OF THE ADMINISTRATOR 

This office is responsible for most of 
the general administrative functions of the 
Division. 

10.3.1 Visitors 

Arrangements were made during the past 
year for 1186 visitors to the Division, 
including 123 noncitizens. 

10.3.2 Personnel Functions 

During the past year arrengements were 
made for interviews with 38 prospective 
employeei, 7 of whom accepted employment. In 
addition, 6 new employee! transferred from 
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articles, 71 neeting papers, and 6 special 
projects Mere published; 212 abstracts Mere 
processed. The graphics group prepared 
approximately 1500 drawings, 5000 prints, •: 
3000 viewgraphs, 150 posters and embossograph 
signs, and 200 diazo signs. In addition, 
pians were made for the installation of a 
9400 Xerox copier with simultaneous front and 
back printing. 

Growth of this group has continued in 
order to keep pace with the increasing pub- j, 
lication output of the Division; furthermore, 
while the volume of work has increased, the . 
average processing time ttas decreased. Our 
records continue to verify the productivity 
and cost-effectiveness of this group. 

10.4 MANAGEMENT INFORMATION iYSTEM 

rig. 10.2. Fur\difj projection. 

ctner &PSL organizations. Twenty-eight guest 
•lisignKier.t* were processed, by which non-
eriployees participate in Division programs. 

10.3.3 bubcon tract', 

ir, 197& indus t r ia l involvement through 

subcc' . racts exceeded S6 n i l I ion. ^o.ior 

contracts were for the . . ' : 1 Irograr 

(LCP) prototype fusion reactor co i l s and 

microwave power tube development for the ELMO 

Bumpy Torus (EBT) and Impurity Study Experi­

ment ( ! J X ) programs. 

10.3.4 FED Cwnnuni cat ions Center 

The name of the FLO Coitdiuni cat ions 

Center accurately re f lec ts the broad range of 

services provided by th i s group. The center 

provides a complete documentation service 

that includes e d i t i n g , typ ing, d r a f t i n g , 

photographic a r t , and copying services. In 

19/H, l i f t numbered repor ts , 81 .journal 

Tne purpose of the FED Management In fo r ­

mation System (MIS) i s to provide the D i v i ­

s ion 's managetrient s t a f f w i th t imely and 

relevant information requ i re , to maintain 

controi of costs and schedules. As described 

in the remainder of t h i s sec t ion , progress 

was made in several areas dur ing 1978. 

Kowever, the accompl i shments were 1im\;»d by 

the lack of avai lable programming support 

personnel, a proble: that i s being solved by 

u t i l i z i n g subcontracts. 

Several tasks were completed on the 

Labor Information Module, which w i l l provide 

weekly data on nondivision labor ct^nyes. 

The software that processes the cost data i s 

running, and work is in progress to ext ract 

data from the accounting system. This w i l l 

great ly reduce the manual data input . The 

Labor Information Module w i l l become opera­

t ional for cost information during the current 

year. 

In add i t i on , the Personnel Information 

Module, used to generate personnel-relafed 

repor ts , is operat ional . This module is also 

being used as a test, bed in the development 

of new techniques for in te rac t ing with users 

who do not have a computer background and 
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nanagers who do not have the tine necessar> 
to learn a con^iex set of instructions. 
These techniques &re then uti l ized in otter 
parts of the M.S. 

A new module is also being used to 
provide information relative to equipment 
being he'd in the Division's storage area. 
The problem was analyzed and a systen designed 
and put into operation within a few weeks. 
This was accomplished by using an existing 
module in the MIS and making the changes 
necessary to perform the new task. This 
i o i l i t y to respond quickly to Management's 
changing needs is the real test of a HIS. 

Further, an interactive program for 
project scheduling is now operational at FED. 
PERT6 (Program Evaluation and Review Tech­
niques) is a system that was leased frc? 3 
software- vendor. Attempts are under way to 
provide a graphics capability for use with 
this system. 

Also, the FED Procurement Module has been 

insta l led for use by the- en t i re Laboratory. 

The basic design of tn? software was sucn 

that only iTviiwr changes werv required to ?:aVe­

t-he t rans i t ion to laboratory-wide use. 

Several new capab i l i t i es , which are nore 0* a 

concern at the Laboratory l e v e l , were acsded 

to the syster. Sore of these- capab i l i t i es 

wiH also be incorporated into the FfTj system. 

10.f> ENGINEERING SERVICES, QUALITY ASSURANCE, 

SAFETY AND f"f.R&F-NCV BANNING, A:*0 

PROCUREMENT EXPEDITING 

10.5.1 Engineering Services 

The Engineering Service, Group provides 

a l l of the nonpronraniratic engineering work 

and coordination for the D iv is ion . This 

includes coordination of machine shop work, 

maintenance c ra f t work, inventory and storage 

of equipment and mater ia ls , telecommunications 

coordination, and the coordination of Di' is ion 

requests for general plant projects (GPP), 

general plant equipnent, and line iten f a c i l i t y 

ir.provenents. The group is also responsible 
for maintaining bui l 4 ings, f a c i l i t i e s , and 
equipnent and for planning future f a c i l i t i e s . 
Some of the highlights of this act iv i ty in 
the past year include the following: 

(1) completion of 15 expense and £ equipment 
projects; 

(21 in i t ia t ion of 3 GPP, 12 expense, and 
6 equipment projects; ana 

(3) coordination of 18 man-years of rv.chine 

shop work in X-10 shops, and si man-years 
in Y-12 shops, includiig 64 jobs at X-10 
and 216 jobs at Y-12 v i ih a total value 
well in excess of S2 m : l l ion . 

Also, construction was started on th*> o f f ice 

and laboratory space addi t ion to Eu' loing 

9201-2, the den:inera 11 zea water syster m 

Bui ld ing 9 2 0 ' - 1 , and the e l ec t r i ca l ^c-wf-r 

upgrade of Bui ld ing 920--1. 

1 .•. 5.2 Procurer»r,_: Expea i t i eg 

The Pracre-'-.er.". ExpediMng >I'OJ',: is 

funct ioning well in me ir.r.U^-'-ru,-. Sers ices 

Group. During 197--. th is g r c ^ processed 2!.v 

requis i t ions for l a t e r i j l s , equi:-- ' -s t , ar-i 

services representing a vo!*/-.« of o»'-r i l l . - " , 

r . i l l i o n . 1 ' fo r f - tc ir.prov- de l i ve r , ••,;' 

ord'-rei i te s ar<:- contTium j snd ar..- S'-ov.ir-; 

Success on certa in r.Or'-'.S'd! t ie:- . Cr.t: p.- 'Sr 

was added to in<j r,rc«, *or tMS sV'Uf ' -s 

p'iruose. 

10.s. j Safety and Emergency Ptanring 

Tne Divis ion Safety Program includes 

non th l / safety inspections by indiv idual 

secrions, f i r e inspections by professional 

f i r e inspectors, and six formal Safety t r a i n ­

ing s..'S,.or.s ;;er />:ar for a l l Div is ion per­

sonnel. A forr-ia 1 t ra in ing program in cardio­

pulmonary resusci tat ion (CPP) was ins'.i t u l " d . 

fo r ty people corpleted this course. 
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U . S . i Quality Assurance 

T""« Quality Assurance ( 0 ^ " w r j - 'or 
FED continues to function wel l : Also, f e 
interface with Engineering 3A -aae s i j n m -
cant progress during the >ear. 7 re prcsra-
continues to be effective in ensuring r e l i ­
able and cost-effective experimental equip-
*wr.t, both fabricated and purchased. 

A complete revision of the Division QA 
Kanual was started in order to bring the 
Division QA Program into compliance with ORO 
IMD 02xx and UCC-KO SPP ?-16 standards. 

!0.6 FED U6RARY 

The fusion Energy Division Library 
provides l ibrary and information services to 
FED. OKNL, UCC-ND, and DOE. A specialized 
collection of books, technical reports, and 
scientif ic journals in the areas of plasaa 
physics and fusion enr-gy technology is 
maintained. 

Also available are computerized infor­
mation retrieval services using DOE RECON and 
other coraercial bibliographic systems. 
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M&S Magnetic; and Superconductivity 
KETF Kediutfi Energy Test F a c i l i t y 
HFE n-.agnetic fusion energy 
MHO maqnetohydrodynamic 
MIS Kwgeraent Information System -
HIT Massachusetts I ns t i t u te of Technology 
NHFECC National Magnetic Fusion Energy Computer Center 

OFE Of f ice of Fusion Energy 
OH ohsiic heating 
ORCHIS Oak Ridge Computerized Hierarchical . Information System 
ORMAK Oak Ridge Tokamak 
ORNL Oak Ridge National Laboratory 
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PLT Princeton Large Tcrus t^^gBSBcu' „ - * - ~ 

PPPL Princeton Plasma Physics Lab6r ra | | | f | | ^~- ' * 
PS Pf i rsch-Schl i i ter "Sja?*^'..- " 
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r f radio frequency 
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PGA residual gas analysis 
rms root mean square 
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SEM scanning electron microscupe 
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TEH transmission electron microscopy 
TF.SPE Toroidal Energy Storage Experiment Project 
TK toro idal f i e l d 
TFTR Tokamak Fusion Test Reactor 
TNS The Next Step 
TZH Mo-0.51: Ti-0.095 Ir 

UCC-ND .Union Carbide Corporation-Nuclear Div is ion 
UDB Uni f ied Data Base 
use User Service Center 
UTRC United Technologies Research Center 
UTS ul t imate tens i le strength 
UVC Universal Vol tronics Corporation 
yuv vacuum u l t r av i o l e t 
wppm weight parts per t r i l l i o n 

0-D zero-dimensional 
1-D one-dimensional 
2-D two-dimensional 
3-D three-dimensional 
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