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physics issues is emerging i9 confirms our initial 
construction project continued an schedule and at G 

year's end. Detailed planning for the required facility 
A great deal of effort was devoted to advanced 

of the performance of ATF into the ~ ~ ~ ~ " ~ ~ ~ s e f s  

next-generation ATF, ATF-11; and a 
aspect-ratio tokamak. 

Work on ATF proeeede 



Division staff collaborated with pcrsoiane? from the lunta de Lner-gia Nuclex of Spain 
in definivg a toroidal confincmcnt rxpc:rimmt, 1 J-11, and were assigned to Pnnccton 
T'lasiiia Pllysics Laboratory to work on the 'l-oka-i 3 k  Fiision Test Reactor (TFTR). 

- 

The PHB resezrch piogialn i2 1484 strongly rciaforccd the conclusions reechc.4 in 
198 3 r c g d i n g  the limits on pei f~innancc sf the cireular hiamy to1 IJS configuration. 
I :owevci, investigation of thc LLMO Buiiipy Squarc (r?FrS) configuration 
tions of much bciic; coafi'inealcnt CB itions, and thc EBS w s  siruwz io have high potcim- 
tial foi dcvelcpmcnt h t o  a competitive fusi2.n rcnctor. It was d@ter-inid ibat tkc cxisting 
LB: d ~ v i c e  could bc ccs,vcr:cd to an EBS in 18 months at a cost of lcss than $ 5  million. 
~ ! o w x x ,  these d~velopnients WZE not sufficient to sustah 1985 funding for the EES pro- 
?ram in thc face of redactions in thc national fusion program. As a result, the program 
waq phased down, thc EDu'F-Scalc (EBT-Y) devicc was decominissionzcd, and staff members 
::.err. rcaosigrrcd to other activities. Studies of EBS wi11 continue into 1985 with the aim of 

- 

op: Iidtning 1?85 fundins. 

The activities of the Atomic Yhpics awd P12s:~ia Diagnostics Developmeat Frogram, 
+ch is supported by the Fusion Program within thc ORNL Physks Oivision, are Jivided 
b c t ~ e e a  ztomic callisions TCS 

Iqmiwental  atomic col~isio~is research ccficsntiates oil improving the hasic 
undwstanding of the cornpleri col'khn prccccsrs invslvirng partially ionized atoms at the 
I e1a:kAy low kinetic errergics characteristic cf fixion glasnias. During 984, significant 
progress v'as ifi the onderstadng of elcctron-impact ionizatinfn. A new elcctron 
cyclotron icssnance sourcc of low-efiergy, highly cha r g d  ions was implerneated and has 
considerably expandcd the range of highly ionizcd systems availablc to investigators. 'The 
Cor;trolle.d Fusion Atomic Data Ccnte: eontinucd to provide hihliograghies and can- 
pilations of a t ~ m i c  data to the fusion cornmunity. 

Thc plasma diagnostics program concentrated 011 dcvelsping steady-state, optically 
yomped laser systems in the far infrared. A five.cbanncl i n t c r € ~ ~ o I E ? e t e r / ~ l a ~ i ~ ~ ~ ~ ~ r  was 
succcssfiilly operated 011 IISX-B. The feasibility of pulsed CQg laser 'Thornson scattering as 

stic for fusioa~-prodr.iccd alpha particlcs was studied, and development of this diag- 
nostic began. The Diagnostics Deve!opmcwt Center awarded a subcwtract to tbe Georgia 
Institute of Technolrsgy for the dasveEopment of a diagnostic to messurc: static and time- 

rch arid developmcnt of plasma diagnostics. 
- 

.~leitric fields in plasmas. 

r-," 1 ix goals of the plasma theory effort, which concentrates on toroldal confirienierri 
tlm>ry, ai3 to undsrstavd, Einprsve, and optimize the confinement of plasmas for fusion 
reactors. T$e approach i s  to identify critical prsblleans and then to integrza'ce the accessrnsy 
p h m a  physics disciphes to solve t k m .  Collaboration with ORNL expeTimental groups, 
univcrsi:y groups, and the international fusioil cmrmimity is strongly emphasized. 
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position of wall and limiter 
ling and (2)  developing 

techniques and compoa ing. The program corn- 
bines ~ ~ ~ ~ r ~ ~ 5 ~ ~  sten 

1984 coacentrated on the: influence of impurities oil  the high- 
temperature sputtering yield of graphite and 0 wail c ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ .  Techniques were 

materials, recycling an reaearti4w of hydrogen, an 

iik ~~~~~~~~~~~~ in FJmSiObi! deviccs. 

purity sadlatian and imprave piasrmma e. 
ty fluxes in the edge plasma of the tokamak continued; 

rmed on a reference limiter in ISX-€3, 
~u~~~~ limiters in bea 

ive studies of beryllium ~ ~ ~ ~ e r ~ ~ ~ ,  transport of wall material to the 
position d limiter ~ ~ ~ ~ ~ r ~ a ~ ,  and deuterium retention in beryllium. 

The, t ~ ~ ~ n ~ ~ ~ ~ ~  fox- heating a fueling fusion plasmas is develop4 by the 
' ~ 5 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Section. Areas spa" work arc neutral beams, pellet fueling, radio-frequency (rf) 
heating, a d  gyrotrgans. 

In 1984, d ~ v e ~ o ~ ~ ~ e ~ ~  and testing of the . ~ ~ ~ ~ ~ c ~ ~  ssitive Em Source were success- 
strating a high atomic ion frraction and low bea divergence. Optics 
and used to design accelerator structures fo both positive- and 

r was operated on Doublet 111. The repeat- 
nega tive-io n beams. 

ing ~~~~~a~~~ injector was rn ~ - ~ ~ ~ d ~ a ~ ~  high-velNity pellets and will 
ign of a tritium pellet imjector €or use on 

n a single-tube rf power source that will deliver OW 2 MW 
iasmas at the ion cyclotron resonant fre- 

s to protect these antennas were 
urrent ~ e ~ t ~ r o ~ g ~ s  were developed 

f a fusion device. C ~ ~ s t r u ~ t ~ ~ ~  has started on the Ra- 
!I provide the plasma environment needed to test rf 
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The Magnetics and Sup~rconductivity Section and thc 1.argc Coil Progam carry out 
the development of supcrconducting coils needed to confine fusion plasmas tluough the 
large Coil Task (LCT), an intcrnntional colhboration between the United States, Japan, 
Switzerland, and the European Atomic Energy Cornmissim. During 1384, thrce mort coils 
were delivered to the ImternatlonaP biisiorr Superconducting Magnet Test Facility; shake- 
d o w  of thc facility was xcornplished, and prelimis ary operational tests wcrc per famed 
on three coils. 111 these tests, the U S .  Ccneral Dynamics coil and the Japanese coil were 
operated at full current, and the Swiss coil was successfirlly cooled, Numerous research 
and development tasks W ~ B C  accomplished i- snppnst of the LCT, and awxk on advalaczd 
conductors and magnet technology also progresscd. 

Advanced System GCudies 

TR:: Fusion Engineering Design Center a d  the Fusion Environmental Asse~sment 
Program carry cnt advanced system sfudim for the Fusion Program. The activities of the 
Design Center during 1984 included work on the Tokamak Pznsior: Core Experiment, tho: 
Fusion Power Demonstration tandem-mirror rcactw studies, acd the Ignition Spherical 
Torus. The Dcsign Center also decreloped a tandcm-niiror systems code, contributed to the 
International Tokamak Reactor effort, developed a data base and rnethcsdohgy for evaluat- 
ing fusion costs, and assessed the availability of fusion reactors. 

The Environmental Assessment Program focused on developing the generic cnviron- 
mcntal impact statement for fusion. A revised preliainary draft prcpascd in 1984 ad- 
dressed issucs related to the place G f  fusion power plants in the U S .  enorgy economy. 

Materials research a i d  development arc carricd optit in three major task areas: Alloy 
Development for Irradiation Performance (ADIP), Damage Aildysis and Fundamerital 
Studies (DAFS), and Special-Purpos- Materials (SPM). The ,4DIP and DGFS programs 
are conccrned with under standing thc rnzcharrisrns involved in radktion damagc and corm- 
sion, providing the infixz-iatisaa on aaterials needed to design near-term fusion devices and 
to study fusion power reactors, and developing a sound basis for develspmeiit of materials 
for fusion. 

In the ADIP program, rcseaxb on austenitic stainless steds has fecused on develop- 
meni of microstructures that are stable at high temperatures to high irradiation damzge 
levels. Exploratory research began in 1984 rnanganesc-stabilized austenitic sta.linilcss 
steels. Research on vanadium alloys showed that the rcsistance of thesc alloys to helium 
embrittlement can be improved through furthcr alloy development. Studies of the ef€ects of 
doping ferritic steels with small concentrations of nickel show that the basic riietallurgical 
response of the tempered martertsitic structure is retained. Conmion studies address the 
compatibility of materials used foi structure, coolant, and brecdsts a d  the mcchanisns of 
corrosion and mass trassrer. 
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The DAFS research has focused on understan ing the effects of helium on micro- 
structural evolution, swelling, and mechanical properties. The program includes theory, 
modeling, and experiments. 

The SPM program has focused on providing facilities at the National Low- 
Temperature Neutron Irradiation Facility for research into the effects of radiation on 
magnet materials. This hcility will produce temperatures an irradiation conditions similar 
to those at the magnets of a fusion reactor. 

The neutron transport program carries out both experiments and analyses. The expri-  
ments are designed to provide the data needed for verifying the analytic method and the 
cross-section data used for fusion reactor neutronics design calculations, The analytic pro- 
gram supports the design of the experiments and compares calculated and experimental 
data. Work is also performed in the areas of nuclear data evaluation and cross-section pro- 

adiatioii ~ ~ i e ~ ~ ~ ~ ~  I ~ ~ ~ r m ~ t i o n  Center supplies a broad range of services to 
the fusion community. 

A new activity within the Fusion Program during 1984 was the study of a “generic” 
magnetic fusion reactor model. The model, which incorporates the elements common to a 
number of configurations, is used to evaluate the self-consistent requirements for a fusion 
reactor and to determine whether fusion power can be a cost-competitive source of energy. 
This study has led to the conclusion Lhat the cost of fusion power will be close to that of 
fossil and fission energy if certain physics and technology requirements, which represent 
only a moderate advance over present achievements, are met. 

The many achievements sunirnariaed in this report clearly illustrate the diversity of 
these activities and the strengths of the Fusion Program. These contributions were formally 
~ c k ~ o w ~ ~ ~ g e d  with the presentation to the Fusion Energy Division of the ORNE Director’s 
Award ia r ~ c ~ ~ n ~ ~ i ~ ~  sf outstanding accomplishments in 1984, 

8. B. ~ ~ ~ g a ~  
Director, Fusion Energy Division 

E. A. Berry 
Associate Director for Development and Technology, 
Fusion Energy Division 

J. Sheffield 
Associate Director for Confinement, 
Fusion Energy Division 
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The ~m~~~~~~~ s dy Experiment ( E X -  through August 1984. The pro- 
through March and concentrated 

ies of confinement9 on m e a s u r ~ ~ e n t s  of plasma potential (in ~ o ~ ~ a b o ~ a t ~ o ~  
Polytechnic Institute), and on tests of‘ pump limiters and chromium getter- 

gram funded by the epartment of Energy w 

ing. (Studies with pellet injection rueling in HSX-3 are described in Chap. 6 of this re 
The remainder of the operating time was devoted to a test of a  be^^^^^^ limiter, 
under a work-for-others arrangement with the Joint European Torus Undertaking. These 

d ~ ~ ~ r a t ~ o ~  of the Advance Toroidal Facility (ATE‘) tor- 
satron in October 1986 continued to anbe ~ ~ ~ t h ~ y ,  as described in Sect. 1.2. The physics 
issues are better defined and still ~ ~ ~ ~ ~ r ~ ~ i n g ~  he construction project i s  on schedule and 
ak cost with most major contracts let, and ~ U C  detailing of the required facility prepara- 
tions leas been done. 

the performance of ATE’ into the long-pulse/sheady-stat~ regime 
the ~~~~~~~~~~~ work required to achieve this extended ~ r ~ o r ~ ~ ~ c  
ies have also been Iraa 
of 2 to 3 scaleup sf t 
Exgebiment has also be 

vanced projects. The rationale for exten 

f a next-generatio 

3 contains details of these efforts. 
Section personnel ant collaborations. T 

to define a toroidai confinement ~ x ~ ~ ~ ~ e n t  for the Energia Nuclear (SEN) in 
a flexible heliac. This work 

collabarating with Princeton 
sics Laboratory on the Tokamak Fusion Test Reactor are making significant 

jointly by ORNL and f E  
. 1-4. Staff members f r ~  

contributions to the research e f f ~ d s  there, as described in Sect. 1.5. 

earn Injection on ISX-B”’ 

A. J. WQQtton, 9. ell, C .  E. Bush, A. Carnevali, . A. Carreras, 9. L. Dunlap, 
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K. E. Kannan, M. . Kindsfather, R. A. Langley, E. A, Lazarus, C .  M. Ma, 
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J. Mathca, M. Murakami. J. K. Munro, Jr.,  G. €3. Ncilsoin, V. K. PaiE, 
S ,  1). Scctt, I ) .  J .  Sigmar. C .  E. Thoma$.. R. M. Wieland W. R. Wing, 
and K. t. Yokoyama 

Opposed Smm injcctien expcriments, in which the momentum and power inputs arc 
contic?led independcztly, are described. 'rhis has facilitatcd a skdy  of the effect of 
momentum soiii-ccs on plasma propaxties. Tile mornentixan input is distingitished by a toroi- 
dal rotation velocity and a radial electric field. The global confinement properties of 
momentwn, particles, and encrgy have b detemined as tkc 'seain direction (with 
respect to the plasma current) is changed from co-injectiov through balanced injection to 
counter injection. Global ericrgy confinemmt times are unaffected by changing the 
manenturn soiwe, and thus by both toroidal rotation vclocity and radial electric fields, in 
2 gettered vacuum r essel. 'l'he deterioration of confinienerii with izc:easing beam power, 
previously observed .,yith co-iajection, is still prescnt with balanced injection. An examim- 
ticc of radial profiies of plasma paramcte-s shows the dominant loss to be electron conduc- 
tion with both cn-injection and balanced injection, Although global energy confinement is 
unchanged, large difference4 in particle behavior, for both working gas and impurities, 
have bcw obscrvcd as the momcntum is changed. These observations suggest a link 
between rotation, dcctric hclds, and partick confinement. 

M. Murakami, P. H. Edmonds, t i .  A. Hallock, R. C. Iskx, E. A. Lazarus, G, H. Neilson, 
A. J. Woo:ton, 9. D. Bell, C. E Bush, A. Carncvdi, B. A. Carieras, J. L. Dvnlap, 
A. C. Ewglantl, W. L. Gardner, R. 1,. IIkkok, II. C. Howe, D. P .  HIutchinson, 

ngs. W. W. Klndsfathcr, R, A. I.,aaag!t,y, C .  H. Ma, J .  Mathew, 
P. K. Micdvwn~ski, J. K. Munro, Jr.,  V. K. ParP, M. J. Saltmarsh, 
S .  D. Scott, D. J. Sigmair, M. L. Simpson, C .  E. Thomas, R. M. Wieland, 
W. W. Wing, and K. E. Yokcsyarna 

Confinement studies on thc Impurity Study Expcriment (ISX-B) have been directed 
at understanding the mecha nisms governing the confinement in neutral-beam-heated plas- 
mas. Thess, studies have focused on two main arcas: (1) the effects of toroidal. plasma rota- 
tion and elcctiic field on confinement and (2) confinement improvement with deliberate 
intiodaectiow of somc low-% impurities ("Z-mode"). In the first studies, the momentum 
inpri t was csg.i';rolled indepcadcntly of the energy inpct opposing injection systems. 
Measurements of the space potential using a heavy-ion prebe (HIBP) showed that, 
as the Irnjection direction is chmgcd frotn counter-injection to balanced injection to cc- 
injection, the tncgative potential w d ?  becomes shallower, as expected from the momentum 
balailcn,, based on the observed cbangm in toroidal plasma rotation. The particle confine- 
ment of both bulk ions and impurities i s  correlated with beam directivity, potential, 2nd 
rotation velocity. Howeycr, both global and electson cncrgy confinement are unaffected by 
changing, the inomenturn input. Thc Z-mode studies have shows that the deliberate intro- 
duction of recyclink low-Z impurities (whetlner cxtzrrnally injected or intrinsic) improves 
global energy confinement times (7:) by a factor of up to 1.8 over those predicted by the 
stari4tnrd ISX-B walin_e. whicli was developed frcm and accurately represents 7; in clean, 
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getter4 discharges, Additional benefits of the impurity injection are improved particle 
confinement, increased ion heating efficiency, and reduced limiter heat flux. The improve- 
ment in T:, is correlated with a reduction of the high-frequency (50- to 250-kFIz) magnetic 

fluctuation &/Bo without changing the fluctuations ii,/n,, The confinement time improve- 

ment, which increases linearly with &, results primarily from reduction of the electron 
thermal diffusivity (xe). The reduction of xe is consistent with the prediction of a resistive 
ballooning mode theory, which includes diamagnetic effects. 

1.1.1.3 Abstract of 'Confinement in Beam-Heated Plasmas: The Effects of 
LOW-z Impuritiesn3 

E. A. Lazarus, J. D. Bell, C. E. Bush, A. Carnevali, €3. A. Cameras, W. H. Casson, 
J. L. Dunlap, P. H. Edmonds, A. C.  England, W. L. Eardner, 6. A. Nallock, 
J. T. Hogan, H. C. Howe, D. P. Hutchinson, K. R. Kindsfather 
R. A. Langley, C .  H. Ma, J. Mathew, P. K. Mioduszewski, N. 
V. K. Part, D. J. Sigmar, C .  E. Thomas, R. M. Wieland, J. B. 
A. J. Wootton, and K. E. Yokoyama 

Confinement studies on ISX-B in beam-heated plasmas contaminated with small 
quantities of low-Z impurities are reported. Experimental results on the correlation of par- 
ticle and energy confinement are presented. A linear relationship of energy ~ n f i n e m e n ~  
and plasma density is observed. As density is increased further, this effect saturates and 
energy confinement becomes independent of electron density. The experiments have been 
extended to higher beam power, resulting in an expansion of the ISX-B operat.ing space. 
Impurities other than neon (carbon and silicon) have been tried and do not produce an 
enhancement in confinement. Edge cooling by the introduction of impurities has been 
demonstrated. The change in confinement has been shown to be correlated with changes in 
the normalized poloidal field fluctuation level (&/BO)  but not with the density fluctuation 
level (ZJne).  The experimental results are compared with models of drift-wave and resis- 
tive ballooning turbulence, and an explanation i s  offered for the difference between the 
results with recycling and nonrecycling impurities. 

1.1.1.4 Abstract of "The Effects of Varying Wall Conditions, Major and Minor Radius 
on Confinement Properties in I S X - B ~  

A. J. Wootton, C .  E. Bush, P. H. Edmonds, E. A. Lazarus, C. H. Ma, M, Murakami, 
and G. N. Neilson 

The ISX-B data base from which the energy confinement time scaling T~ oc 
I;pPb2f3 was derived for neutral-beam-heated discharges has been enlarged. Now 
included are results obtained using a nongettered vacuum vessel and different minor and 
major radii. Energy confinement times improve, and a density dependence is introdumd, if 
gettering is not employed. There is an associated increase in impurity radiation. A compar- 
ison of confinement properties obtained using two minor radii (- 19 cm and the usual -24 
cm) has been made. The correlation between radiation level and Gonfinement is always 
found. No dependence of energy confinement on minor radius is found. The confinement 
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changes assuxiated with wall conditions a d  radiation levels can be reproduced using a get- 
tered vessel and small plasma position displacements. In particular, outward radial dis- 
placements toward a limiter at  thc outer cquator improve confinement. In this ease, any 
radiation increasc i s  small. 

J. D. Bell, J. L. I)unlap, V. M. Par6, a id  4. J. Wootton 

Studies of magxiohydrodynairssic (MIID) fluctuations in beaimheated plasmas have 
Gecir continiicd, using an array of 1 2 high-frequency Mirnov coils distributed poloidally 
and toroidally on the outside wall. Previa;$ observations have shown that the amplitudes of 
tkc ( t n  - 1, n - 1 )  mode and its harmonics are not correlated with ~onfinement.~ 
IIowver, the frequency spectrum of signals from the high-frequency coils also includcs, in 
addition to the peaks from the low-m, IOW-F~ modes, a continuous component that extends 
at least to our maximiam analysis frequency of 258 kHz. We find that the amplitude of 
this component does appear to he correlated with confinement. 

As an exmqdc, Fig, 1.1 shows thc frequency speztnm of &/E* for otherwise similar 
beam-heated plasmas with and without neon injection. In ISX-B, neon irnjection has been 
found to enhance confinement significantly;6 as can be seen in Fig. 1.1, it also reduces the 
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amplitude of the continuous s ctrum. dt may slso be noted that ~~~~~~e~~~~ ~ ~ p r ~ v ~ s  
even though the power spectral density of the ( m  ;= 1, n = I )  mode and i t s  ~ a ~ ~ o ~ ~ ~  
increases. 

The shape of the continuous spectrum is quitc similar for most plasmas; thus, the %eve8 
uctuations producing it can Baa: characterized by ~ ~ t ~ ~ r ~ ~ ~ ~ ~  the spectrum over a 

suitably chosen fixed frequency range. This ~ ~ e r ~ t ~ ~ ~  has been done in two ways: (1) by 
rding the signal a ~ ~ ~ ~ ~ t ~ ~ ~  from a band- ass filter with a center frequency of 1 
(2) by numerically integrating from 10 to 250 &Hz the spectra obtained hy 

transform analysis of digitized waveforms. The two methods give similar ~ r r e ~ ~ ~ ~ ~ ~ ~ ~  with 
confinement- 'Fhe currelation 0 t a i n d  with ~~t~~~ 1 is illustrated in Figs. 1.2 and 1.3, 
which are "scatter plots" of the ~ u c ~ u ~ t ~ ~ n  level against ~ ~ ~ n ~ t ~ c ~ ~ ~ ~  measured energy 
confinement time T i  in scans of pIasma current and of neutral beam injection p w e r .  

l ) ,  the mode stru~tidrb; c m  be 
determined from the phase shifts between signals from ~ ~ o ~ d ~ ~ ~ y  and t ~ ~ ~ ~ d a l ~ ~  displace 
detectors, and one expects the signal 5m all detectors to be highly coherent. For the con- 
tinuous part of the spectrum observ n the Mirafcsv coil signals, the phase. shift is always 
nearly .zero when these i s  enough coherence to permit measuring it, and the coherence falls 
rapidly with increasing detector separation. The decrease of coherence with pcaloidal 

For a global rotating mode such as the (an -- 1, H 

0 

e, 

I I I I 1 I 
0 1 2 3 4 5 6 

-.d 

B e / B e ,  150 kHz B A N  

(arb i t ra ry  un i ts )  

Fig. 1.2. Correlation of energy ~~~~~~e~~ time and 
~ u ~ t ~ a ~ ~ ~ ~  level in scan af pilasma current. (BT = 1.37 T, Pp = 
80, 116, 163, and 190 kA, fie == 3.0-4.0 X B0I9 m-3, Pb = 
0.9 MW.) 
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separation is especially fast and leads to the conclusion that the observed magnetic fluctua- 
tions must occur in the outermost few centimeters of the plasma. 

J. Mathew 

Plasma potentials have been measured for the: first time in neutral-beam-heated 
tokamak discharges. Radial potential profiles have been obtained for co-injection, counter- 
injection, and balanced-injection discharges as well as for ohmically heated plasmas in the 

tokamak. Within experimental uncertainties, the measured values of potential are 
consistent with calculations based on radial morncntum balance using experimental values 
of rotation velocities, density, and ion temperature. 

The, measurements were made using an I-IISP, with typical plasma conditions of I ,  
150 kA, B ,  = 12.3 kG, Ze 2 4 X l O I 3  cm 3,  and Pb 2: 0.9 MW. A negative potential 



1-1 1 



TYPE i ___- 

7 

6 

5 ,-. 
I 
L" 

.r- 
n 
E - 4  
ca 

3 

c 
k 

( 



1-13 

decrease of a factor of 2 was observed in ohmically heated discharges with elongated plas- 
mas. Typical density traces with and without pumping, with plasma parameters of Ip = 

116 kA, t 3 ~  = 1.4 T, and &, = 1 MW, are shown in Fig, 1.6. Exhaust rates up to 
4 torr.L/s were observed, and the exhausted flux over the total flux in the serapeoff layer 
was determined to be 5-89”. 

Preliminary experiments on impurity (ni trogen) injection indicated that the total 
radiation was slightly reduced when the pump limiters were activated. Spectroscopy data 
show that the central nitrogen radiation i s  not much affected, but the edge radiation is 
strongly reduced by the pump limiters. 
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1.1.3.2 Impurity control a d  hydro iam gettering in PSX- 

P. K. Mioduszewski, J .  E Simpkins, P. W. Edmonds, W. A. Gabbard, R. C .  Mer, 
E" A. Lazarus, C .  H. Ma, M. Murakami, and A. J,  Wootton 

Chromium gettering allows impurity control without increased hydrogen flow rates 
and hydrogen retention in the wa!l. This makes it compatible with tritium operation. 

To test chromium gettering in ISX-B, ~ W O  getter SOU~CCS, separated toroidally by 
about 180", were installed in the toriis. The sublimation rate was chosen to be 63.1 g/h for 
each source. A typical getter cycle lasted for 30 min. This procedure was identical to the 
usual titanium getter cycle in ISX-B to facilitate comparison between chromium and 
titanium. The gettered area in the torus is estimatcd to be 70% with a film thickness of 
1-10 monolayers and about 5% with a coverage of 10 180 moilohyeas. From an opera- 
tional viewpoint, chromium gettering was very convenient. While titanium s o u ~ e s  riiinst be 
outgassed and conditioned, sometimes for several hours, outgassing of the chromium balls 
was negligible. Only 5 min into the getter cycle, all impurity gases (H@, Nz, CO, etc.) in 
the residual gas were reduccd by factors of 3-5, and after a fa181 getter cycle of 30 min, all 
such impurities  ere reduced by almost an order of magnitude. 

After chromium gettering, the total radiation from the plasma was strongly reduccd. 
The content of individual impurities -as measured spectroscopically -was reduced by fac- 
tors of 3-5. Figure 1.7 shows the total radiated power from the plasma, normalized to 
line-averaged density, before and after chromium gettering. In addition to a icduction of 
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the total radiated power from the plasma, the discharges display high reproducibility after 
gettering. The normalized radiated power was monitored for up to 50 discharges after the 
getter cycle, and no exhaustion of the impurity pumping capability was observed. 

Titanium gettering entails large pumping speeds and capacities for hydrogen species. 
To obtain reproducible discharges without tedious a ~ j ~ s t ~ ~ e n t s  of the gas puff between 
shots, a procedure called “ungettering” has been establishe in TSX-B. It involves puffing a 
large amount of hydrogen into the torus to saturate the ti niurn, thus reducing the hydro- 
gen pumping speed to a tolerably small value. This procedure does not affect the impurity 
pumping capability, because hydrogen on the getter surface is continually replaced by the 
more reactive gases like oxygen. In contrast to this behavior, chromium gettering does not 
significantly change the pumping speed or capacity of the walls for hydrogen isotopes To 
demonstrate this, Fig, 1.8 shows the line-averaged density, normalized to the gas flow rate, 
as a function of shot number bsfoore and after gettering. It appears that the required gas 
flow rate for a given density is affected for only two shots after the getter cycle, and in 
subsequent discharges the effect becomes negligible. The same effect is observed if we 
nierely interrupt tokamak operation for about 30 min. It is assumed that this increased gas 
flow rate is necessary to establish an equilibrium wall loading, In comparing individual 
shots before and after chromium gettering, t e same line-averaged density is obtained for a 
given gas flow rate. After titanium gettering, on the other hand, gas flow rates must be 
increased by factors of 2-3 to maintain a given density. 

Finally, it is worth mentioning that the operating space increased significantly after 
chromium gettering. A maximum line-averaged density of 1.6 X l8I4 ~ r n - ~  was achieved. 
As indicated in the Hugill diagram in Fig. 1.9, this is the highest density observed in 
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Fig. 1.9. 0pemting G ~ C E  in EX-El with g&trr.,d trims. The main data Saw was obtained 
with titanium gettcring [A.  J. Wootton et al., “Gettering in ISX-B,” J. Nurl. Mater. 111 $c 112, 
479 84 (1982)]; only the maximiin1 density obtained with chromiuiri gcttcring is shown. (“1 beam” 
corresponds to an injected power Pb ~2 1 M W . )  

ISX-B. Ft corresponds to a Murakarni paramcter of 11 at q+ = 3. ‘Thus, the expansion of 
the operating space after chromium gettcring is similar to that after titaniuin gettering 
without thc disadvantage of increased gas flow. 

Chromium gettering has been proved to be an efficient method sf surface pumping in 
tokamaks. The impurity conti01 capabilities are excellent and comparable to those of 
titanium. The hydrogcn uptake is rcclaieed to monolayer qirantities ori thc surface. The 
expansion of the operating space is similar to that seen with titanium without the disad- 
vantage of strongly increased hydrogen fluxes. Possible: applications of chroinium gettering 
inclksda: impurity control in contemporary tokamaks, slirface pumping in short-pulse devices 
that burn deuterium-tritium (D-T) to minimize tritium inventory, and wall conditioning of 
future large machines before operation. 

1.1.4 Abstract of *̂Am Experimental Invcstigatim of the Piasma Properties of t 
Region af the ISX-B Tokamak Using Law 

K. E. Yokoyama 

The method of decornpssing the Psuricr components of the double-probe characteris- 
tic has been extended it3 include highe;, ardm teims in the expmslon parameter VappliedTe 
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and finite circuit resistance. The system uses a 1 - ~ H L  driving voltage, which, together 
with snalog filtering of the current, allows measur ients of electron temperature (2 eV < 

~ V S  and electron density ( 3  x 10' < 3 x IO'? Electron den- 
ulations include corrections for magnetic effects, probe potential, and finite 

sheath thickness. Fluctuation levels G ~ I I  be de lac& from the frequency structure between 
the harmonies of the driving frequency. It has proven necessary to correct for these fluc- 
tuation levels in the calculation ~f both T, and a,. Difhsion. coefficients are estimated 

pedicular to the wall an o the limiter. 
from the decay I_englhs the limiter face, taking into account fluxes per- 

imental results obtained on E X - B  s h ~ ~ w  that there are no significant tempera- 

tron density, whir7 may be due to the local recycling effects c anges in local edge param- 
eters when neutral beam heating i s  ini the results show 

dis~harge, ~ ~ ~ ~ ~ y ~ n ~  an increase in particle ~~~~~~~~~~ The direction of beam injection plays 
8 minor role in ~ e ~ e ~ ~ i ~ ~ ~ ~ g  parbide ~ ~ ~ f ~ n ~ ~ ~ I ~ t ~  especially if the recycling at the limiter 

central line-average electron density, sholwing some evidence of saturation in the parallel 
particle flux at high densities. Parameters measured at the limiter demonstrate the effects 

low energy ~ o ~ ~ ~ ~ e ~ e i ~ t  regimes are also 
during fueling studies with the pumped 

limiter are used to determine ~ ~ a l ~ ~ a t ~ ~ e l ~  the exhaust efficiency of the limiter, Finally, 
data taken during pellet injection cxperi nts help to ~ ~ ~ e r ~ ~ n e  the role of fast-ion abla- 

nts along ehe field lines. 

that the dcnsaty aecay lengths increase ated phase of the 

surface changes with beam direction. Parameters in the SCba eoff vary linearly with the 

lasma plugging. Differences between high a 
ent at the plasma edge. ~ e a s ~ ~ ~ ~ ~ e n t ~  m 

G scrapeoff layer in beam-heat 

duszewski, P. H. hringer, C. E. Bush, A 
K. E .  Clausing, IF. B. Cook, A. C. England, L. C .  Emerson, ID. G 

eatherly, D. P. Hutchinsan, R. C. Mer, E. KZllare, '13. 
. K ~ ~ ~ s ~ ~ ~ ~ e r ~  R ,  A. Langley, E. A, Lazarus, @. I T .  Ma, 

" Murakami, G Neilson, N. Peacock, 
. Slott, K .  ~ o ~ n e ~ ~ e ~ g ~  

schersich, J. Watkins, 
E. Yokoyama, and Re A. Zuhr 

The ~ ~ r y ~ ~ ~ ~ ~  limiter experiment, a ~ ~ ~ ~ a ~ o ~ a t ~ ~ ~  between the Joint European Torus 
(JET) and BKNL, was performed under contract with the JET Undertaking. The objec- 
tives of the experiment were (1) to study the performance of beryllium as a firniter 
material, (2) to investigate the plasma characteristics with a beryllium limiter, and (3 )  to 
gain experience with handling beryllium in a tokamak environment. 

ions/cm2 to the 
limiter. This corresponded to 3000 beam-heated discharges with a single beam line at 

, The limiter test was designed for a power flux of 2.5 kW/cm2 for 0.2 s of 
neutral beam injectioii (NBI), The corresponding surface temperature rise was 600°C per 
discharge. The base temperature of the limiter was kept between 200 and 300°C at all 

The experiment was specified for a deuterium fluence of about 

ax 
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times to improve the ductility of the beryllium, which is very low at room temperature and 
improves strongly at elevated temperatures. 

The experimental arrangement of the beryllium limiter i n  the tokamak i s  shown in 
Fig. 8.10. The top rail limiter consisted of a movable stainless steel structure with 12 indi- 
vidual beryllium tiles. The inset of Fig. 1.10 shows a diagonal view of a single tile; every 
other tile was slotted to relieve surface stresses. The figure also shows the visible spectrom 
eter viewing thc limiter. A photograph of the limiter after installation in the tokamak is 
shown in Fig. 1.11. 

To evaluate the performance of the limiter, we distinguish three different regimes of 
operation: 

1.  No inelting of the limiter surface. This was the casc for ohmically heated discharges 
and for discharges with NBI at  low currents. 

2. Strong limiter melting with melt layer formation and inaterial loss by melted droplets. 
This happened during discharges with NBI at high currents. 

3. Limiter melting and evaporation only at hot spots, which were due to the surface 
roughness. This happened during discharges with NBI at  low current aftei the surface 
morphology was drastically changed by heavy melting. 

The power deposition at  the limiter turned out io be a sensitive function of the plasma 
current. For ohmically heated plasmas this was expected, because the total input power 
increased with plasma current. For beam-heated discharges, however, the input power was 
dominated by the beam power, and a charagc in plasma current by 50% affected the total 
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Fig. 1.11. The beryllium limiter installed in ISX-E. 

input power by less than 10%. Even for beam-heated discharges with approximately con- 
stant input power, the limiter power increased strongly with plasma current. This effect 
allowed us to control the limiter power using only the plasma current and to keep the total 
input power constant. 

Energy deposition at the limiter and decay lengths of the power flux in the scrapeoff 
layer were measured with a thermocouple array installed in the beryllium tiles. Typical 
temperature distributions across the limiter under various plasma conditions are shown in 
Fig. 1.12. A bulk temperature rise of 10°C corresponded to a peak power flux of about 
2.5 kW/cm2 and a surface temperature rise of 600°C. The labels %g’’ and ,g” refer to 
data obtained during “ungettered” and “gettered” discharges, respectively. The gettering 
here is self-gettering by evaporated and redeposited beryllium. 

The decay length of the power flux was a function of plasma current. For 115 kA, it 
was about 1.2 crn for ohmically heated discharges and 1 .S cm for beam-heated discharges, 
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As illustrated in Fig. 1.12, the beat flux to the limiter increased strongly with plasma 
current. At Ip = 153 kA in beam-heated plasmas, the peak power flux was 4.5 kW/crn2. 
At this heat flux, the surface tcmperature rise was 1000°C. After extended operation, the 
bulk temperature was around 300"C, so that a peak surface temperature of 1300°C was 
reached, exceeding the melting point of 1283°C. The limiter was intentionally operated at  
these high heat fluxes for several hundred shots to induce melting and subsequent gettering 
of the vacuum vessel with limiter material. 
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After c ~ ~ ~ ~ ~ ~ ~ r i ~ ~ t ~ o ~  of the o ~ ~ r ~ t ~ ~ ~  space an the ~~~~~~~~y conbent 8911 

ConditiQnS, an a s c o n ~ ~ ~ c t ~ ~  to expose iter to a ~~~~~~~~ 

lo2' h I l S / C n 1 2 .  fxbOUt 25 ts were fired at low plasma current (116 kA), an injected 
neutral beam power of 
limiter. Due to the high surface ~ o ~ ~ h ~ ~ s s  indu 
tion, melting and ~ ~ a p o ~ ~ ~ i o ~  still wcurrcd a 
caused enough evaporation to continuously get 
throughout the h e n c e  test. F at" the: ha t e r  3Uaf;lCe a f k r  the 
experiment. Although the sur he ~ ~ ~ € o ~ ~ ~ ~ ~  was as gwd as 
with the new limiter, with the added feature that the surface roughness cmmsed the irseves- 
sible getter effect. 

carbon, and nitrogen, at coilcentrations of abou 
conditions was about 3.  The ~ e ~ 1 ~ ~ ~ ~  eontent i 
operation and limiter evaporation, the b~~~~~~~ 
6%. The light impurities were effectively get 
more than 50%. Figure 1.14 shows the oxyg 
gettering. In the third phase o f  operation (Le., 
content decreased by a factor d about 2, but t 

The plasma performance in ohmically 
formance with Tic-coated limiters in ISX- 

In the premelting phase the plasma was 

Fig- 1-13. The timiter swdacr: after the experiment. 
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of operation must be distinguished again. With injected power to 0.82 MW and low 
plasma current (117 kA), the power to the limiter was about 2.2 kW/cm2. At this power 
flux the plasma performance w s  comparable to previous data obtained with Ti@ limiters. 
The plasnia radiation was dominated by light impurities f r ~ m  the wall. 

At high plasma currents ( l S Q  kA), power fluxes of 4 5 kW/crn2 were measured at 
the limiter, leading to surface melting. With limiter melting during every shot, plasma 
operation was possible but no: very reproducible. 'The radiated power decreased froni 
about 300 kW to 150 k&' at a constant input power of 1 MW. Maximum densities were 
9 x io i3  and energy confinement agreed with thc phenomenological IS% scaling 
fourai% For gettlered discharges: Tisx = 0 . 0 0 5 ~ ~ / ~ ~ < ' / ~ .  P 

In the third phase of operation, with average power fluxes below 2.5 kW/crn2 but 
with beryllium gettering by evaporation at hot spot?, plasma operation was quite repro- 
ducible, The beryllium content was still about 2%, and low radiation indicated gettering. 
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Under these conditions about 2500 reproducible shots were fired (fluenee test). At a 
plasma current of 116 kA, with well-gettered walls, a maximum density of 1.3 X 1 
cmU3 was achieved. Confinement was according to ISX scaling with gettering. Cooling of 
the plasma edge by impurity injection was demonstrate by puffing about 1% n e ~ n  icto 
gettered discharges. This reduced the energy to the limiter from 86 to 56 kJ, as ~ h ~ w n  in 
Fig. 1. IS. The beryllium flux from the limiter was reduced correspondingly. 

The beryllium limiter test has shown that beryllium is a suitable limiter material. The 
extremely low 2 makes contributions to the plasma radiation negligible, even 3t high can- 
centrations. The thermomechanical properties are good. A potential disadvantage is 
beryllium’s low melting point (compared to graphite), because power ~XCUKS~QIDS,  for 
example in disruptions, cannot be totally avoided. However, the h e n c e  test OR TSX-B has 
shown that even with a heavily damaged limiter, thousands of reproducible discharges can 
be performed. 
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Fig. 1.15. Energy deposition at the limiter with and without neon 
injection. 
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1.1.6 IS'#-B OperatYoa41s sad TccBaoology 

P. H. Edmonds, G. M. Dpcr, A. C. Er?gland, W. A. Gabhard. W. L. Gardocr, 
M. M. Menon, J. A. Moore, C. C .  Tsai, 'I'. F. Rayburn, W. J. Rcdrnond, 
J. L. Yaibcr, L. A. Masseogill, V. D. Latham, D. Match, T. D. Ragwell, 
D. I,. C'oppc-neer, E. T. Blair, D. E. Grecnwmd, W. R. Wing, 
C R. Stewart, D. J. Webster, W. €3. Wysos, J. E. Waswick, 
U. P. kick'itei, J. J. Schmidt, and 9. J,. Piny: 

The first three months of ISX-B operation in 1984 were devoted to the Dcpartmz: of 
Eracrgy ( D O E )  progran. 'Ihe tokamak was then shilt daw? for two months whik  the 
modifications and installation necessaiy for the beryllium limiter cxperiment were coxn- 
pleted. This experiment was corngletsd in three months, and in August 1984 the tckmak 
was shut down for di:c:ontamii;ation and disassembly. 

Thc major einphasis of thz year, and the final experiment on ISX-B, was the beryl- 
lium limiter zxperirncnt, which consisted of the design and construction of a beryllium lim- 
iter and the operation of the facility to cvaluate the limiter's effects. Ihese arc dcscribee in 
refs. 12-1 4. Figure 1.16 shows the time history of the beryllium liinitcr cxpeiiment in the 
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where the symbols have thc c o n v e ~ ~ ~ ~ n ~ ~  aneaning~.'~ Because of the health and e~ivironn- 
mental hazards associated with the use of esylSium, a safety analysis report, ~~~~~~~n~ 

ing safety ~ ~ ~ ~ ~ ~ e ~ e ~ t s ~  was ~ c i t t e n , ' ~  
n completion of the experiment, the devi~e was ~ r ~ ~ r e s ~ ~ v ~ ~ ~  ~ ~ s a s s e ~ ~ ~ ~ ~  

for beryllium ~ ~ ~ ~ $ ~ ~ ~ ~ ~ ~ t ~ ~ ~ .  co panenls were classifie 

c ~ ~ t ~ ~ ~ ~ a ~ ~ ~ ,  suc 
nostics. Also inch 
of being contarnixaated and that were not i entified as having any future use, such as the 
Thonison scattering ducts and the liner ventilation system with its ~ ~ s ~ r u ~ ~ n t ~ t ~ ~ ~ ~ ~  Alii 

The Pima ~~~~~~~r~ consist of n1aterial that wa 

e c o ~ ~ ~ ~ ~ e f l t s  that showed so 
e main vacuum vessel, the pm 

COKlpQilCX?.tS in this CategWy VVWe diSpSed Of  by burial in the y-12 $oXk Waste site. 
The second category consisted of it ed c ~ ~ ~ ~ ~ ~ n ~ ~ ~ ~ n  or were ex 

he ~ Q n ~ ~ ~ ~ ~ a ~ e d  but WeFC Sa' COnSidCra might be reusable, Typical 
of this category were the isdation gate valves for the beam lines and ~ ~ ~ g ~ ~ s t ~ c ~ ~  'These 

the cost of ~ e c ~ ~ ~ a ~ ~ ~ ~ ~ ~ j o ~  will be compared with replace 
were double bagge , i d ~ ~ ~ ~ f ~ e ~ ~  as c ~ n ~ a ~ ~ f f l ~ t ~ ~ ,  an 

i d  category consisted af items that showed no sign of beryllium ~ o n ~ ~ ~ ~ ~ a ~ i ~ n  
ot in lint: of sight of thc discharge. For this category, "no sign of ~ ~ ~ t ~ ~ ~ ~ ~ ~ -  

.04 p g  of beryllium per sample wipe, taken over as large an 
These items will be carefully rechecked far beryllium contamina- 

with distilled water and returned to open storage for reuse. This category includes all the 
t ~ r b o ~ u ~ ~ s  and associated v~~~~~~ ~ ~ ~ ~ b i ~ ~ ,  the beam fines, and external diagnostics 
such as charge exchange and spectroscopy. 

tion" implies Eess than 

1.1.7 The E X -  

W. R. Wing, J. D. Bell, E. T. Blair, IC). E, Gr~nwood ,  K. L. Kannan, and K A, Stewart 

Data system ~ ~ ~ ~ ~ i ~ ~ t s  from 1984 include the ~ Q ~ ~ ~ w ~ ~ ~ :  

Complete C O ~ V ~ & H I  of the remaining parts of the PDP-1 I-based data system to the 
YAX-based system (including a T A X  ~ ~ ~ ~ e ~ e n t a t ~ ~ ~  of the ~ ~ g h t ~ ~ - ~ r ~ ~ e ~  opera- 
tions display). 
~ ~ ~ ~ l e ~ e n t ~ ~ ~ o ~ ~  of an on-line data compression system that reduces the volume of 
data transmitte to the PDP-10 (and the time required to transmit it) by a factor of 
2 4. 
Routine use of the VAX-based waveform generation system to drive the gas feed and 
plasma position control. 

* 

* 
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6 Installation of network access port (NAP’) hardware on VAXl to allow this machine 
to function as a Use; Service Center host on the National Magnetic Fusion Energy 
Computing Center network (MFEnet). 
Installation of a QMS laser prin2er with software to support printing of integrated 
text and graphics. 
Installation of an HSC-50 disk-cluster controller. This forms the beginning of the disk 
farm necessary to support data handling for ATF. 

Since it was clear at the beginning of the year that 1984 was going to be the last year 
for ISX operation, new devclopment was minimiLed. However, a number of ongoing proj- 
ects were completed, allowing the conversion of the data system from PDP-11s to a VAX- 
based system. I’he result was that the data system was able to support the beryllium lim- 
iter experiment in a unified, self-consistent way with a very low level of attention and a 
very high Bevel of reliability. 

The largest single conversion project was rewriting the opciations display system. The 
operations display consists of a Sension display driver (a  high-resolution, refreshed-vector, 
display system that interacts with users through a lightpen) and the associated software, 
This system was originally implerinented on the PDP-11s in FORTRAN. In order to pro- 
vide better supp~rh for the elaborate data structures necessary, it was decided to rewrite 
the software in PASCz4L for the VAX implementation. This task was completed in early 
1984 and shelved to await the rest sf the conversion. 

In early spring, the convcrsion was complete except for one key element: on-line data 
ccmpression software to reduce the data transrrnission time to the PDP-10. Without this 
rcduction, it would have required more than one shot-cycle time to transmit a data set for 
a normal shot, and data transmission would not have been able to keep up with machine 
operaticn. Just as this data compression software was completed, but before there was time 
for proper testing, the PDP-11 system failed. A week’s efforts by Y-12 and Digital Equip- 
ment Corporation (DEC) field service failed to repair the problem (which was located in 
the dual-access disk controller). In an effort to minimize lost operating time, a decision 
was made to proceed immediately with the VAX conversion. ’The complete switchover was 
made in less tkarn a day. No data were lost, operation continued, and the PDP-11 system 
was decommissioned. With this change, the data system became completely VAX-based, 
and the problcms associated with trying to provide maintenance for two operating systems 
disappeared I 

A system developed in 1983, the waveform generating system, which received some 
use in 1983 for driving the gas fced, was expanded in 1984 and became central to routine 
operation, The system consisted of a set of CAMAC arbitrary-waveform generators and 
software to drive them. The software provides “waveform editing” (with both graphical 
and numerical user input), a waveform “data basen of previously used waveforms, and the 
ability to scale the waveform gencrator’s output range. The !a:smber of channels of output 
was expanded in  1984 from one to four. These channels were used for driving the gas feed, 
an impurity fced, and the plasma position and plasma current power supplies. The net 
result of all this work was that thc operations group was able to support the beryllium lim- 
iter experiments with a smaller operating staff (two pcople) than had ever run ISX before. 
‘Ihe YAX system allowed automated operation to an extent never previously possible. 
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Three final items of interest concern the ~ n s t ~ ~ ~ ~ t ~ ~ ~ ~  of ~~~r~~~~~~~ First, MAP hard- 
ware was installed on VAXl 
host (its node name is ATF); 
and the MFEnet and a l l o ~ s  1 
ton to have much better acce Fusion Energy ivision vax s 
of the codes and data they need are located. Second, Bate in the year 
printer was installed wi software to support ~~~~~~t~~~ of high-qu 
and graphics. Third, an SC-50 ~ ~ ~ ~ ~ - ~ ~ u s t e ~  ~ ~ ~ ~ t ~ o ~ ~ e r ~  was installed 
2.5 gigabytes of disk storage. This fom 
represent the ultimate storage 

rdware allows the VAX to function as ara 
clition, it provides a parallell path between CB 

Ridge personnel on tmigrarary assigaarme 

The long-term goal of the A vanced Toroidal Facility (ATF) program at 0 
improve the toroidal ~0~~~~~~~~~~ concept by ~ ~ ~ o ~ s t ~ a ~ ~ ~ ~  the ~ r ~ ~ ~ ~ ~ l ~ s  of 
steady-state operation in toroidal g ~ ~ m e ~ r y  and by searching for an o ~ ~ ~ ~ u ~  tur 
netic confinement system. In the wear tcr 
access to the high-beta, second stability 
presence of large field ripple and electric s. These studies will cover a wide range of 
magnetic configurations, including a variety of plasma cross sections, ~~~~~~~a~ ~~~~~~~~~ 

magnetic axis, and stellarator features for ~ t e ~ l ~ ~ ~ ~ t o ~ ” t o ~ a ~ ~ ~  ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ,  The activities 
described in this section arc all aimed at ~ r ~ p ~ r ~ n ~  for ATP: ~ ~ e r ~ ~ ~ ~ n  in 

Collaborative activities with other stellaxator groups increased in p 
operation. This year Ca NL hosted a U.S.-Sapan Stellarator/ 
experimental planning, a ively participated in the research programs a 
sity Plasma Physics L a ~ ~ r ~ t ~ ~ ~ ~ ’ ~  and the ~ ~ ~ ~ - ~ ~ ~ n c k - ~ ~ ~ ~ ~ ~ u ~  Eur Pia 
of extended foreign research a ~ s ~ g ~ ~ e ~ ~ s ,  and support 

t r ~ n § ~ ~ t  at !OW ~~~~~S~~~~ 

torsatron research at, the Univerr- 

1.2.2 Physics Studies 

= A. Carmas, K. A. COII~Q~,  R. 
R. C. Coldfinger, .I. E. Goyer, J. H. Harris, D. E. 
R. L. Hiekok, W. A 
J. A. Rome, and T. 

F Q W k P ,  J. c:. ~~~~~~~~~~ 

stings, T. c. Ilendes, 
unm, Jr,, 

ATF physics studies in 1984 ~ o ~ c ~ ~ ~ ~ ~ ~ e ~  on those areas ne 
operation rather than on ~ ~ ~ ~ ~ o ~ ~ e n ~  of the A W  concept, 

Magnetic field calculations emphasized dete 
field line following f ~ r  pump ~ ~ ~ ~ t ~ r / d i v e ~ t ~ r  stu 
tions of 
formation and serious deterioration of vacuu1’11 magnet 
turbations due to magnetic ~ ~ ~ e 1 ~ ~ 1 i g  on diagnostics a 
nets, high-current bus bars, and ~ a g n e t ~ c  ~ ~ e a ~ i ~ ~ t y  (y> variations in the 
( E F )  coil T-sections and in the structural shell were evaluated. 

repare for ATF’ 

and random field ~ ~ t ~ ~ ~ a t ~ ~ n s  of - 2  can cause rnagiaetic is~an 
rhces; thus, potential field per- 
n sources, ~ e ~ ~ ~ ~ b ~ ~ d ~ ~ ~  mag- 
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Magnetic fieid linc calculations were done to estimate the connection length and 
characteristic decay lcogth in the scrapeoff layer that are needed for pcmp lirniter/divertor 
desieiz. The connection length is the total path length of a field line between the last closcd 

ce and thc wall This parameter determines the number of limiters or divertor 
targets. In tokamaks, the magnetic field structure outsidc the last closcd flux surface is 
such that the comecticn Iength correspocds to many toroidal revolutions. Wexrce, it is suffi- 
ciwf to have a limiter at one toroidal or poloidal location to intercept the total diffusive 
particle and energy flux crossing the plasma boundary. Far AT@, calculations of field lines 
idicate connection l c~g t .9~  of SCQCX~! toroidal revolutions within the f i rs t  few centimeters 
outsidc the last closed flux si~rfacc. This is illustrated in Pig. 1.17, where the length of a 
field line bcforc it intersects the wall i s  pl~t ted vs distance Z above the plasma magnetic 
ctcter at a toroidal locatinn with vertical ports. 'I'he last closed flux surface is at Z = 

0.39 in. The lcngth at L 0.47 m, 8 cm into the scrapeoff layer, is -40 in, correspsnd- 
ing to thrce toroidal revolutions. Thus, within a €ew centimeters outside the plasma 
boundary, the scrapeoff layer in ATF is similar to that in a tokamak. If this proves to be 
the case, it will bc possiblc to use pump limiter configurations that are very similar to 
those tested in tokamaks. 

\ 

1 
to' \ 

0.47 0.49 0.51 0.53 6.55 0.5'7 0.54 
Z (m) 

Fig. 3.17. Am field 83ne ~~~~~~~~~~ !eeg$h VB vertical height Z in t 
plane, The last closed magnetic surface i s  at Z - 0.39 m. 
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1.2.3 Comstructim 

b. E. Bartlett, I,. R. Baylor, K. D. Bensnn, D. E. Brashears, C. Bridgrnan, 
A. Y. Broverman, W. 1, Brown, W. E. Bryaa, W .  I>. Cain, K. K. Chipley, 
M. .J Cole, W. K. Cooper, 0. I,. Coppenger, P. W. bdmonds, 
J.  W. Forseman, W. A. Gahbard, E. I.. IIalstead, J. H. IIarris, 
G. H. Henkel, F. C. Jernigaa, K. I,. Johnson, I, M. Jordan, 
V. E. Lynch, J. F. Lyoii, J. A. Mayhal!, J .  F. Monday, 
G. W. Neilson, B. E. Nelson, J. A. Rome, M. J.  Saltniaish, 
W. D. Shipley, D. J. Taylor, @. K. Thomas, P. B. Thompson, 
1. M. Vinyard, J. E. Warwick, J. A. White, J. C. Whitson, 
D. E. Williamson, W. I, .  Wiight, and R. B. Wysor 

As shosvba in Fig. 1.18, the AT@ device consists of a set of HE’ coils, a set of poloidal 
field (PF) coils, an ex:e;ior shell structure to support the coils, and a thin, helically con- 
toured vacuum vessel inside the coils. The GTF will us(: the existing facilities of the I S X - B  
tokamak: power supply, cooling, diagnostic, data acquisition, control, and hcating systcn-rs. 
The ATF dcvice parameters are listed in rable I. 1. 

Fig. 1.18. Artist’s coaceptim of  ATF. 
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Major radius Ro, ni 2.10 

Average MF coil minor radius a,, 1x1 

Toroidal field on axis Bo, T 

Average plasnma minor radius <a>, M 0.30 
0.46 
2.0 (for 5 s) 

Ion and electron temperature 
(Ti = Tc),  keV 1- -2 

4-8 
Plasma density <a>, c ~ r i - ~  
Average plasma beta p, 70 

(1 10) x 1013 

The electrical characteristics a€ the different coil sets are suniinarized in Table 1.2. 
The I-IF set consists of a pair of coils that forms an (!? = 2, m = 12) torsatron helix. 
The coils must be constructed so that the current winding law is within I mm of the 
theoretical winding law. In other stellarators, similar accuracies have been achieved by 
winding the HF conductor into an accurately machined groove on a toroidal vacuum 
vessel. Such: a procedure requires serial production of the vessel and coils. In ATF, the HF 
coil will be made in 24 segments with joints in the equatorial plane of the machine. This 
permits parallel production of the coils and vacuum vessel. Each coil segment consists of 
14 insulated copper conductors mouimted on a structural steel brace with a T-shaped cross 
section (see Fig. 1.19). Each conductor is made from plate and contains a caoling-water 
tube brazed into a milled groove. The conductors are rough-formed to shape; then a com- 
plcte set of conductors is clamped into a precision die and stress-relieved to achieve the 
final form tolerance. The stainless steel T-piece is cast to shape to fit in its tolerance win- 
dow and is then machined to provide accurate location points for mounting the conductors 

Table 1.2. Major coil characteristics 

c u r  rent Current Current Voltage per 
per coil per turn density ~ - . _  coil sct (V) 
A .  turns) (kA) (A/cm2) Peak Hattop 

HF 1.750 125.0 3350 1250 500 
VF inner 0,263 16.4 2540 650 121 
V F  outer 

Main Q.375 125.0 2600 1250 63 
Trim 0.159 15.9 2420 650 166 
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and assembling the coil. Thcsz components are tested to see that they fit within the toler- 
ance wpJE'wdows using a coordinatc measairing machine with an accuracy of - 0.01 mm. 'This 
machine is also iised to check thc compktcd segment. gol'lowing assemh:y: the segment is 
potted in epoxy rcsir; Components for a full-scale pr~totype ssgmcnt have been built by 
the Chicago Bridge and Iron Company (CEI) in Sirmingham, AJabarna Fzbrication of 
parts for thr helical coil segs,rcn:s has hegun at CRB Thc structural 'T-pieces WKC cast by 
Esco Corporation in Portland, Oregon. Final delivzry is scheduled for May 1956. 

A critical design issue is the dcrnountabk joint. Many designs *ere tested, and a few 
met all the initial requirements for both pulsed and steady- state opet ai  ion. The selected 
joint concept I s  a siniple lap geometry for each turn with bolts through the entire ~egment  
stack, which i s  made t ~ p  during HF coil asrcnably (sec Fig. 1.20). 

'Phe lap configuration is composed of a half-lap machined tab at  the znd of each turn 
of a coil segment that mates with corresponding half-laps whcn upper and lower scgmenis 
are joirmcd during the HE coil assembly process. The tabs on each turn are machined while 
the copper is still in a flat dcvelopmcn: stage. A typical joint end is shown In Fig. 1.21. 
Precise control of each tab's position in the segment stack, including the holes for the 
through-bolts, is accomplished usi tooliiig fixtares at the initial forming stage and again 
during segment assembly. 

Field assembly of these WF coil joints is b a s d  on optical alignment to a particular 
joint control hole on each segmcnt end. 1 ab misalignments (nompasallel surfaces) are 

__ 
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corrected by qssembly forces as the upper and lower ~~~~~~~~s are engaged. Tests of actual 
joint ends have been conducted and verify this characteristic. ce aligned, tapered Cj-10 
insulating wedges are installed between turns to fill the gap a provide a solid block for 
through-bolt laad transfer TO each turn. 

olis are a sliding fit to match honed G-li ~ ~ s ~ ~ ~ ~ s  in each joint tab 
actually studs that engage a floating nut plate iocated at the Inxzernwost 
s are ternsioned and 1 

provide joint conta 
is secured by a nut applied to the outer 

ress11rc, Preliminary tests of joint resistances 
t ~ ~ o ~ g h  the stack showed that all joints 
I 

bility and margins relative to the Ih~t s 
were ~ a ~ ~ - w ~ ~ t ~  turns to match the requ 

resistance less than the required 

‘Thermal-electric tests have also been made 0x1 joint specimens to verify cooling capa- 
t ~ i ~ ~ ~ ~ ~ ~ t ~ ~ e  limit of 150°C. These specimens 
current density to available power supply h a -  

by tests of an appropriate copper specimen, was then aiscd to analytically 
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DIMENSIONS IN M l i L l M E T E H S  

'8.60 

13.00 3 0.076 DIAM. ....... 
....... * 

WINO. 

152.40 

1 c--- 43 
- ....... ....... 

.e- -+ , '  

JOINT TAB D E T A I L -  TYPICAL 

Fig. 1.21, Detail of lap joint far a single turn of the helical coils. 

predict peak temperatures for the joint configurations. Two joints were evaluated since the 
inner and outer turns differ slightly. The results of these tcs t~ ,  summarized in Fig. 1.22, 
show that adequate cooling can bc provider? for all joint configurations. 

The major joint parameters are summarized in Tables 1.3 and 1.4, where the differ- 
ences between the inner and outer turns can be seen. Geometry constraints required the 
inner turns to be slightly thicker, narrower, and clamped by only three bolts, 

The PF coils are of a morc conventional design and use a W O U R ~ ,  square-section, hol- 
low copper conductor that is insulated with glass cloth and epoxy impregnated. They are 
being manufactured by the Princeton Plasma Physics Laboratory. Final delivery of the 
vertical field (VF) coils is scheduled for August 1985. 

The vacuum vessel is a stainless steel shell that fits closely to thc inner bore and side 
walls of the HF coil, as shown in Fig. 1.23. The vessel is relieved in the area above and 



1-35 

......... 111...........- 
.- L ,  , /I _.--.-- -. .-- --- 

.... 

160 

i d 0  

i 20 

,-. 
u 

I IJ 
n 
3 
t- 
4 so 
IT 
w 
a 
2 

t 60 

0 100 

W 

40  

2 0  

0 

. I P  / #'/ I 

/ 
RATE,, 
CURRENT 
rx- NS I T Y i -..- EXTRAPOLATION 

..... I---. ............ I I .. 
10 20 30 0 

CURRENT ( k A )  

JOINT HOT SPOT TEMPERATURE 

Fig. 122. Peak temperature in a half-size coil joint as a fwnction 
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Table 1.3. ATF coil joint design limits 

11,000 psi = endurance limit 
25,000 psi = 100, 
20,W(4 psi = 1/35,,, 
20,000 psi = l /dSU1,  
2 ~ 0 ~ 0 0 0  psi .= SUI, 
100,000 1: 30,000 = 100,000 cycles 

- .....___. II_ .... 

OFHC copper 

G-10 bushing 
G-10 insulation 
A286 bolts 

........... 
-.-.-....I__... 

........I_ ...... 
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Pahle 1.4. A W  cot1 joirrt parameters 
~ 

Outer Inner 
2 Diinensims, cm 

Joint cross sectioils 
h'ull coppcr turn 
Full tab 
1 e; r-o!it 
1 ab tension 

Contact area 

- 

Current dcn;ity, Alan2 (at 125 kA) 
Turns 
Joint taki 
Contact arca 

Currca: per bo'ut, kA 

39.8 $1.0 
19.6 15.O'Z 
54.2 51.1 
10.2 IO.? 
63.6 46.0 

3205 3048 
6378 6918 
1955 2717 

31 42 

below the: IiF: coil joiiit to allow clearance for installation and assembly of the segments. 
TvieEvc large poles on the outside (0.9 by 0.60 m). inside (0.15-m diam), top (0.4 by 
0.4 m). and bottom (0.4 by 0.1 m) provide access for diagnostics, fueliIrg, and hcating sys- 
t e m .  T'he wall thirkness is 6.4 m n .  Metallic seals on the port flanges permit the vessel to 
operate at 150°C for clcming. For steady-state operation, cooling panels will be mounted 
on thc inside of the vacuum vessel to removc heat fronl the plasma. habrication of the 
vaciiiim vessel has begun at Pittshwsh Dss Moincs Steel Cornpsny in Pittsburgh. DcEivery 
is scheduled for Decembei 1985. 

1.2-3.3 SLTPjlSS? StFWCCMre 

The principal loads on the MF coils arc due to thc a1 and magnetic forces that lead 
to radially outward hoop loads and ovcrtxning loads. T'he principa! loads on the Pt. coils 
include a radial h o p  force and the vcrtical force of interaction with the 0 t h  coils. The 
structure consists of R toroidal shell, composd of identical uppcr and lower shell pane?% 
made from stainless steel caqtirrgs and intermediatc panels machGced from rolled staidess 
steel plate 'the panels arc joined by bolts, and thc entire shell is tied to the 3iF coil seg- 
mcnts by additional special bolted fastetlcis. Westicgl~oixse Elcctric Corporation in Pen- 
sacola, Florida, is fabricating the sti uctural sheil. Delivery is scheduled for August 1985. 

1.2-3.4 Assembly seqtnmce 

The asscmbiy sequence is shown in Fig. 1.24. First, the lower shell is assembled and 
aligned. Next. tiic lower halves of the HF segments are installed a id  positioned accurately 
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Fig. 1.23. Top view of the ATF YILCMU~II vessel, showi 
the helical coils. 

with an optical alignment system. The vacuum vessel is then lowered into place. Next, the 
upper WF segments are attached. The intermediate shell panels and the upper panels are 
mounted. Finally, the PF coils are mounted and aligned. 

Assembly of ATF will begin in August 1985 after delivery of the lower half of the 
structural shell and the lower VF  coils. Completion of ATF will be paced by 
components for the 24th helical coil segment in May 1986. Assembly is scheduled to be 
complete in September 1986, and initial operation should begin in October 1986 after prc- 
operational testing. 
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Fig. 1.24, Assembly @onccpt. 

F. 'N. Baity, G. R. Dyer, P. W. Edmonds, R. D. Foskett, W. A. Gabbard, M. M. Menon, 
G. 13. Neilson, M. J. Saltmarsh, T. L. White, W. M. Wing, and W. L. Wright 

Facility preparations for A'FF include rcmaval of the EX-34 tokamak, clearance of 
the site, and any necessary modification, upgrading, or replacement of facility subsystem, 
jiduding the magnetic field power supplies, the vacuum system, the neutral beam lines, 
the instrumentation and controls, the data acquisition system, the diagaostics, the dis- 
charge cleaning system, and the site itself. They also include work required to adapt and 
implement ECH and ion cyclotron range sf frequencies (ICRF) heating systems originally 
planned for use in the ELMO Bumpy Toms (EBT) program. 
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Organization and planning of the facility mc?dificcation project was ~ ~ ~ ~ r t a ~ e n  a aad 
completed. A project team was assembled, and a work break own structure was developed, 
The major task areas are: 

1. magnetic field power supplies (MF, VF); 
2. vacuum vessel support systems (vacuum, discharge cleaning, gas puff, bakeout sys- 

tems, etc.); 
3. site preparation (removal of ISX-B, facility layout, utilities, etc. 1; 
4, instrumentation and controls (status monitors, shot sequencing, interlocks, grou mding, 

cabling, subsystem interfaces, etc.); 
5.  data handling (computers, computer peripherals, CAMAC equipment, etc., sup- 

port of diagnostics, analysis, and operations); 
6 .  machine diagnostics (coil voltage and current sensors, 2-mrn interferometer, magnetic 

sensors, electron beam, television camera, survey spectro eter, bolometric monitor, 
etc.); 

7. physics diagnostics [ Thomson scattering, HI P, charge exchange, s p ~ ~ t ~ ~ ~ ~ ~ ~ y ,  soft 
X-ray arrays, far-infrared (FIR) interferometer, etc. 1; and 

8. heating systems (ECH, IGRF, NM). 

Significant progress was made in some of these areas. 

1.2.4.2 Site preparation 

The TSX-B tokamak was removed from its enclosure. Diagnostics, neutral beam lines, 
instrumentation, controls, and some ISX-B coniponents ie.g., the toroidal field (TF) sails] 
were removed, crated, and stored for future use. The device enciosure and control room are: 
being completely cleared; o h r  areas are being or will be cleared as reyuir 

1.2.4.3 Magnetic field power supplies 

Power supply requirements for ATF were assessed and compared with the capabilities 
of existing equipment. The WF power supply, formerly used with the ISX-B TF coils, will 
need a major' upgrade because of the higher voltages and pulse lengths required for ATF. 
This supply consists of eight transformer-rectifier modules, housed in a separate ~ ~ ~ ~ ~ ~ n g  
adjacent to the main confinement research facility. 'The transformers will be replaced with 
units having -5 times the continuous power rating and -1.25 times the voltage of the 
existing units; the silicon-controlled rectifiers (SCRs) will be replaced with higher-capacity 
components as well. The upgraded supply will also be compatible, with rn 
uration, with eventual steady-state operation of ATF at half (1  T). The steady-state 
and pulsed configurations are illustrated in Fig. 1.25. The larity, building, primary 
power system, and output buswork of the existing supply will be retained. 

The power supply assessment indicated no need for major ~ ~ ~ € i c a t ~ o n s  to the 
transformer-rectifier supplies to be used with the VF windings. Some testing and modifiica- 
tion of the low-power circuitry, instrumentation, controls, an interlocks are required. 
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The three 1.5-MW7, 0.3-s neutral. beam lines from ISX-B were cvahated for u% OG 

ATF. Sonic modifications will be necessary: these include the addition of magnetic shield- 
ing in the i9n SOUTC;~ and neutralizer areas, the installation of limiting apertures to protect 
the ,4TF vesscl wa!15, and the fabrication of new support stands Major prevcntive niainte- 
riance of t k  high-voltagc powcr supplies was alsc determined to be necessary. 

ine ECH gyrotron power supply was installed, and all the relevant qualification tests 
required for A I 'I; gyrstron operation were pcrforiricd, using a resistive high-voltage drlrnmy 
load In every case, the supply nicctr or excecds those specifications that are iinportant for 

m. 
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power densities of --20 W/cm2 (average) and -400 Wlcni' (peak) for times (many 
minutes) that make inertial cooling untcnable, so active cooling must be employed, This 
requires a continuow cooling capability of 1-5 MW for hours (roughly half on thc 
vacuum vessel and the remainder on limiters). 

'1Re flexibility that allows thc study of a wide range of toroidal magnetic configura- 
tions iil ATF arises froill versatile coil sets (three l?k coil sets and two helical windings) 
that can be independently powered and from the ability to acccmmdate (at a later time) 
'W coils for stellarator-tokamak hybrid studies. The bas9 ATF can drive a modest plasma 
current (Zp 5- 40 k4) using a small fraction of the 12 V - s  in the ATF coil sets before an 
t = 9 condition exists in the main past of the plasma. IIowever, a dcfinitive test of 
stellarator-tokamak hybrid issues would require the addition of 0.5-T 'IT coils and lower 
hybrid current drive (LHCD) for high-current (C 200-kA>, long-pulse capability. The 
other requirements for a stel!arator-tokamak hybrid dem,?nsiration are the same as for 
stellarator higk-beta operation (high heating power for loirg pulses and the ability to 
remove this high average ~ Q W W  from the vac~~urn  vessel and l irders).  

All ftiture A'TF missions require, at a minimum, longcr-pulse operation at modcrate 
duty factor with adequate heating and cooling. Since A'I'F has been designed for steady- 
state operation and some components of the 5ase program arc alrcady steady state, it i s  
cost-effective to go directly to full steady-state capability at moderate power levels 
( 1 1  MW) in the next phase of the program, rather than to an intermediate ( 5 -  to 1 5 s )  
pulse length. This approach makes the most effective use of ATF in the short term and 
inaximiLes i-rexlbility for futurc missions in the longer term. 

I,otag-pulse to steady-state opcration is needed for a number of reasons. An adequate 
test of high beta and poss . the demonstration of access to the second stability regime 
require long-pulse ope rah i .  Controllcd access to the second stability region may require 
pulses long enough to pien snit detailed -control of plasma profiles and shaping and relaxation 
of induced piasma currents. Pulses cpn the order of a few skin times may be irecessasy to 
demonstrate the achievement of a high-beta equilibrium. On ATE; these times are 

Tokamak experiments show that the bulk plasma behavior is affected by edge cor~di- 
tions Q e g l  W-mode, Z-mode, and EIMs). 'I%us, eq3ilibrium may not be reached until the 
entire system equilibrates. The time scak for plasma-wall icteractions to come into equilib- 
rium is measured in minute5 rather than in seconds, as observed in laboratory simulations, 
in a wide range of analyses, from tokamak experience, and from observations on EBT- 
Scale (EBT-S). 

Thcre are additional important benefits from true steady-state operation. Steady fields 
reduce the thermal and mechanical stress associated with pulsed operation and greatly 
extend the integrated lifetime of the ATF coils (80 h pulsed YS 8000 h steady statc). The 
long integrated exposure of walls and in-vessel components allows effcctive collection of a 
data hasc for plasma-materials interactions and permits component lifetime tests. 

Five major items arc needed to extend the perfoirnance of ATF: (1) in-vessel cooling 
panels to handle (eventually) 2.5 MW of steady-state power (the prcsent limit i s  1.5 MW 
every 5 min or 7.5 kW average); (2) additional steady-state rf heating capability at 
z 1 MW and actively cooled antennas; (3 )  a'ctisrely cooled pump liiniters/divertors and 
steady-state pumping, (4) power sagyiy upgrades for steady-state operation at 1 T; and ( 5 )  

- - 1 5  30 T. 
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1-1. Attaya, J. L. CantreBI, B. A. Carreras, R.. Engelstad, J. k . Harris, T. @, Hender, 
W. A. Houlkerg, J. T. Lacatski, J .  B;. Lyon, 3. A. Ro 
and N. A. Uckan 

a N, ~ v ~ ~ ~ t o s ~ ~ ~ ~ k ~ ,  

The stellarator magnetic ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ n  has a ~~~~~~ of net ~ ~ ~ ~ ~ ~ a ~ e s  for 
ar maihntaun an ignit 
lasrna; (2) it does raot 

eventual fusion reactor: (1) it is the only reactor con 
steady-state fusion plasma without e x ~ e ~ ~ ~ ~ ~  ~ Q W Y  in 
require driven currents in the plasma and oes not suffer irom 
( 3 )  plasma startup is o n  existing “vacuum” magnetic surfaces; (4) i t  
thermal or magnetic loads; and ( 5 )  it allows access to a high-beta, se 
at moderate aspect ratio. 

tion of stellarator reactor feasibility- a s t $ ~ ~ d y ~ ~ ~ ~ ~ e ,  high-beta plasma with 
ment and ~ a r t i ~ ~ ~ ~ ~ ~ ~ ~ ~ r ~ t y  control properties at r ~ ~ ~ ~ ~ r - r e ~ ~ ~ ~ n t  ~ ~ ~ “ a ~ ~ ~ ~ ~ s  ~~e~~~~~~ tenn- 
perature, beta, etc.) in hy rogeaa or deuterium. Extension to full -3 operation would be a 
further step. This would be the mission d ATF-BT, a Parge, ~ e x t - ~ ~ n ~ ~ ~ t ~ ~ ~ ~  s ~ e ~ ~ ~ r ~ ~ ~ r  

A necessary prerequisite for a reactor would be the physics and ~~~~~~~~~ 

I ATF-TI would be a factor of 2 to 3 scaleup of ATF ( 
= 3 5 T). It wauld use s u ~ r ~ o n ~ ~ ~ t ~ ~ ~ g  coils and h 

== 4-43 In, a - dd.bi--P 
-pQWt?T rf Or neutral 

heating and would operate steady state at high beta in the 
netic configuration f ~ r  high beta with good confinement wi based on results OOral the 
base and e ~ t ~ n ~ e ~ - p ~ r f ~ r ~ ~ ~ c e  ATF programs and from foreign s ~ e ~ ~ ~ r ~ t ~ ~ ~  ~~~~~~~~~~~~~ 

Wendelstein VH-AS, and T’J-IS). 
e studies of a compact sfel- 

larator reactor based on ATF, the ATF Stellaratcar 
the aspect ratio for torsatrons; and the e ~ ~ ~ ~ ~ ~ ~ ~ n g  
tron ~ S y ~ ~ ~ o t r ~ n ~  coils and torsatron coils with joints, 

Present studies aimed at hettes ~~f~~~~~ thc ATF-II iacl 

In principle, steady-state 
cept. The key issues addresse u a q  of ~~~~~~e~~~~~ 
in a toxsatron for a small reactor, the ~ a r ~ ~ e t e r s  governing ~ o ~ ~ n ~ ~ ~ n t ,  an 
which these parameters can be addressed in ATF. For this study, the ATW machine 
parameters were scaled up to give a 1- 
and ATF, with a possible range for ATF 

Confinement analyses were Gurried 
port code assuming D-T plasmas and 
ion cyclotron heating (IC 
field on confinement were 
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t(0) 1=; 8.35, o(a) = 0.9 
-..._____.I_ ..... __ __..____.__ 

ATF A'h'FSW ATF-I1 
______.__...___I..__.__..__I_ 

Major radius, lil 2.1 7 4-6 
Average minor radius, rn 0.3 I 0.6-1 
Fieid on axis, 7' 2 5 3--5 
Number of field periods 12 12 10-12 
-...~___.I_ ..... __ -... __ _I__ __ 

particle and heat fiuxes due to helically trapped particles in the prcsence of a radial elec- 
tric field. The model joins the l / v  transport scaling in the iiitermediate collisionality 
regime to the Y transport scaling in the 10, collisionality rcgirne through a resonant transi- 
tion regime where the E X B and R X V B  psloidal drifts cancel. L4xisymmelric ceoclassi- 
cal (Minton-Hadtine) tokamak transport is also added to this stellarator ripple-produced 
nedassica! transport 

Figure 1.26g.a) shows the results obtained avith neoclassical losses for a fixed value of 
4 ..= e&/T =- 2. IIere ignition does w t  occur, but a high-(?, driven plasma ( Q  -- 15) is 
produced.  or example, X-MW auxiliary heating at <ne> = 6.5 x 1019 m-' produces 
300 MW of fusion power at <p> = 5.5% and <P = 22 kcV, and 48-MW auxiliary 
heating at (.ne> prodaices 600 MW of fusion powcr at <p> 7 8% 
and .<P = 22 keV. Increasing above 3 does produce ignition. Figure 3.261b) shows 
the results obtained with neoclassical lasses for a fixed value of 4 = @//T = 4. Elere igni- 
tion (the zero input power contour) occurs at a nearly corastaiit value of <P = 

21.5-23 keV Q V ~ P  3 wide range of densities and, in particular, can OCCUR at very low values 
of density and beta. The ignited power output is 308 MW at <ne> -2 7 X 1019 m-3 and 
<p> = 4% and is 600 MW at <n,> 

The addition of anomalous (Alcator scalirng) losses prevents ignition at very low values 
of density and beta. At higher dcnsities, the neoclassical stellarator losses still dominate. 
This is s h w n  in Pig. 1.26(e) for a fixed value of [ = e4/T = 4. Ignition occurs for <ne> 
3 6.5 X lOI9 i ~ p - ~  at <T> > 25 keV and an output power of ~ 3 0 0  MW. Operation at 
<ne> = I X IO2' m - 3  yields 500 MW sf output power and <fl> z= 870. 

Calculations were also made of transport dize to a self-consistent radial electric fieid, 
determined by equating the electron and ion particle fluxes from the Shaing-Ileulberg 
transport inodd. The net result is a large ( - 5 - 8 )  increase in losses in the transition 
region, where the E X B and X VB poloidal drifts cancel and the potential changes sign 
fism ip < 0 at high collisionality to q5 > 0 at lower collisionality. T h ~ s  transition region 
approximate!y follows the lociis of minima in the constant input power c u ~ e s  on the 
right-hand sidc of Fig. 1.26(~3. Reactor operation will gecerally bc in the 4 > 0 regime, so 
efficient means (ECH, control of direct partick losses) milst be found for forcing this tran- 
sition. In addition, neoclassical impurity fluxes in the d;, > 0 regime are outward and 
should provide a natural means of cleansing the plasma. The radial electric field is 
expcctcd to play a similar role in ATF, where experiments to measure and control the 
potential and to develop ao. understanding of stellarator transport in the lo.rv-collisionality 
regime will br important. 

9.5 X l O I 9  m 

1 X lo2' m-3 and <!!I> = 3%. 
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transport with fixed E' = e+/T = 4. (c) Neociassical and anomalous transport with fined 
= e $ / T  7- 4. 

1.3.2.2 Low-as ect-ratio torsatra, 

The ATFSR discussed in Sect. 1.3.2.2 i s  based ATF with a plasma aspect ratio 
of 7. Further gains could be made if the plasma aspcct ratio could be reduced to 5.5 The 
advantages would be ii more compact reactor and  a cost reduction in  the ATF-11. The dif- 
ficulty in finding a good tursatron configuration at  OW aspect ratio ( A  
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thc: scaling B(equi1ibriurli) -- t ' / R  and c, -- A; heiice p -. A Also. as A decreascs, the 
high-beh, second stability region disappears and t(0) drops to the p i n t  whcre the mag- 
ndic  axis becorncs bifurcated and central confinement is expected to detcriorate. 

An inteiesting ma,prretic configuration was found iin the TJ-I1 studies (%et. 1.4.1) by 
increaqifig the triazjyrlarity of the torus for the Q = 2 winding law as the aspcct ratio was 
decreased. An 2 - 2 winding on a torus with a triangular cross section and R/a < 5 had 
the same gross magnetic contigumtic- ?:opcities as an Q - 2 winding on a torus with z 

circular cross section and R/a - 7 (AIF) .  It is difficult to have the t = 0.5 surface fall 
within the magnetic well in this case, but iinciiision of higher-order tcrms in the stall Lbp arator 
cxpansion indicates that this configuration may have good high-bebd proprriics. 

1.3.2.3 Engineru 

111c supeicc-~nducting HIL coils for a torsatroil reactor oi for ATF-I1 are too largz to be 
si9gle units. Practical coils would have ts be modular cither jointed segments of a helical 
coil spanning 340" toroidally or separate, toroidally localized coils in a toroidal set that 
fa riis the desired magiietic configuration. The mgineering feasibility of the lattcr modular 
(Symmotrorr) coil approach is k i n g  investigated through a subcontract with I. N. Sviato- 
slavsky and co-workers at the !!niversity of Wisconsin. Thc Ftudy entails deterniinatioay ~f 
the engineering limit< of such Symmotioli coil aspects as stress, coil deflection, current 
density, bead radii, degree of twist, and ratio of field on axis to that on the conductor. The 
results will feed back into the next iteration in thc cvolutisn of Symmotron coils for 
ATF-11. Study of the feasibility of del-nountable joints irr supeicondactirpg t IF coils for 
A'Pb-II  is planned at a later time. 

I'hc magnetic code EF$I is used to deteimine farces, moments, and magnetic fields 
This information is then used in the NAS'IRAN finite-elemmt stress analysis code to 
determinc the stresses in thc conductor and in the coil casing. Coil parameters and the 
location and exten; of coil supports ;1iC iterated until acceptable stress levels are obtained 
with practical bcnd radii and twist in the coils. In  thc structural analysis, no credit is taken 
for tlie load-carrying capability of thc conductor, so that forces and moments are reacted 
by thc coil case alone. The iriaximum strew allowed is 500 MPa for 306-series stainless 
steel at 4.2 K. 

A side view of thc S p l i i O t r O n  reactor case s t d i e d  is show19 in Fig. 1.27, and the 
relevant parameters are givci7 in Table 1.5. Figure 1.28 qhaws the results of a NASTRAN 
stress calculation using I04 elements a l o q  the coil lecgth for a Symmotron exampk with 
a coil cross-sectional area of 1 m2 and a 0.3-in-thick coil case. Acceptable stress levels 
were ohtained with a curreat density of 1.5 kA!cni'. Similar calculations for a 2-T, ATP- 
sized Synimotron with a coil cross section of 0.18 by 0.18 m and a 0.13-rn-thick coil casiirg 
" gave acceptable stress levels for a CIiirent demily of 5.5 kA/cm2. In the 14TF casc, the 
toroidaily directed windbacks were on the inside, irnstead of on the outside as ir b"e reactor 

Although tires2 studics w e  p;elirninary-, some design guidelincs can be infciicd. ru\c:urn 
leg.: on thc outside appcar io be bettcr from a structural po of view, aiid convex seg- 
ments are bektcr than straight oi concave ones. A larger number of coils E ~ ~ I G C S  the cir- 
cumferential span in  the unsupported region and r d u z e s  the stress in that region. Herds in 

casc. 
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Major radius, rn 16 
inor radius, m 4 

Number of Synmnotron coils 24 
Current in Symmotron coils, M A  15 
Field on axis, T 4.5 
Radius u i  VF coils, m 20" 7 
Vertical location of VF coils, m -t 5.6 
Number of V F  coils 2 
Current in VI; coils, MA 6 
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Fig- 1.28. Stress io the Symmtroari ~ e a c  c&! along the coil 
let@ha. ’l’he short hor-izontal bars indicate the support areas; the 
dashed line diows the 500-MPa limit. 
imuim tensile stress and the bottom curve the maximum compressive 
stress. 

The top curve s h o l ~ s  th- b max- 

the return legs arc limited by the need to fit a coil case aroimd the b ~ z d .  ‘l’ht: pioxiinity of 
a cnmpznsating coil to the ictiirrii leg is limited by coil casc thickncss a id  not by forces. 

1.3.3 The Spherical Torus E q x  

g,. A. La~arus ,  ‘1. J. McManamy, W. L. Wright; S .  K. Worowski, R. L. 3rcw11, 
R. W. Fowler, W. M. IIamilton, R. E. tIi l l .  5. S .  Kalsi, W. D. Idee, D. C. Loustesu, 
J. N .  Limn, Jr., G. I I .  Ncilson, Y-K. M. Peng. 2). J. Strickler, and C. C. ’l-sai 

Conceptual design studies have started for a proposed new tokamak, the Spherical 
Torus Experiment (STX).” ‘I he design parameters are listed in Table 1.7. 

The mission of STX will bc to test beta liniits and confi’inemcrr: in a tokamak with very 
low aspect ratio in the rcgirie w1i~i-c auxiliary heating power dominates ohmic power. A 
significant aspect of this explsiztion wil! bc the achievsment of high ? l ama  current den- 
sity at low toroidai field. ‘The device \%Idall stiidy high-heta plasmas, which are highly para- 
magnetic (Bo - 1.7~7~). The high fraction of trappcd paiticles allows a test of neo- 
classical ion transport in a new regime. Cveatually, the device ~vi!l offer the opportunity to 
study current maintenance by flux pdmping and t i  ansition betwcx the highly para- 
magnetic spherical toriav plasma and thc r cva  sed-field pinch (RFP) and spherornak plas- 
mas 

The critical issues in tokamak reseiirch iriclude plasma beta, mergy confinenient, and 
steady-state operation, which are crucial to the fesslbility of R E  ignition experiment at  a 
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viable cost and to the economy of fulure fmion reactors. The spherical torus offers a 
potential solution to these challenges bay virtue of its very low aspect ratio ( L 4  -f. 2), natural 
elongation ( r  - 21, strof1g ~ a ~ ~ ~ ~ a ~ n ~ ~ ~ s ~ ~  

a numbcr of other atisactive features in cm 
B y  .-- : .Ti, modest fieids ( 
on with ;a conventional toke2 

Several convea1ticrsnal experiments (as he Princetrsn T .arge TcPraas, the ~ ~ ~ o ~ ~ a ~  
Dlvertor Experiment, 
limits ovcr ehl: past several years, achieving relatively go consensus. The energy canfine- 
ment is found to increase with increasing plasslia current and plasma size, to decrease with 
iaacreasing auxiliary heating power, and to d~cseaqe as the beta limit is approached. The 

neo-ABcatcar and Mirriov scaling ~epre-  
sents only .a factor of 2 3 difference in con ent tixne in ~ ~ ~ v e ~ t ~ ~ ~ ~ ~  tokamaks. In 
STX, wahh IPi63dt9St si,, and i w d  ( 
900 kA). the two scaling iaws give very different predictions (5 111s vs 125 ms, respec- 
tively). Thrts, STX will serve ts resolve these confincrnerat ~ ~ ~ ~ ~ ~ ~ t a ~ ~ l ~ ~ s .  

stability analysis rates this same scahg,  This 
20% i n  the S'TX 

the same factor 

' = 5 EtG) and large current (1, up to 

The limit t4> achievable beta is  ~~~~~~~~~e~~~~~ foun to scale as I/&, and theoretical 

owever, the dron sm in the spherical 

the achievabk plasma pressure ( ~ x $ . ~ / 8 3 ~ '  ). The 
torus, which gives 

STX with significant neutral !,earn heating will, be effective in ~~~~~f~~~~ this issue. 

limited pressure and using t e total Bo valuc ~~n~~~~~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ j ~ ~ ) ,  the aspect ratio 
scaling of n r ~  fur 1.5 < A < 3.3 is a ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~  ( 1  -i- 1 3 3 / k  ' 1 .  ~f tBaerr: are IIQ shaping 
field coils, the benefits of low aspect ratio will be even ~ n ~ ~ r e  extreme. A test of such a 
dramatically beneficiai scaling i s  needed. 

The modest toroidal fie1 ~ which is comparable to the psloidal field irn STX, makes it 
an effective vehicle for tcst g o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ x  current drive, which has been recently pro- 
posed in the highly paramagnetic FP and ~~~~~~~~~a~ plssmas. IanitiaP assessments have 

= 1.7 at the plasma axis in STX, introduces a n  uncertainty of 

A S S U I I T I ~ ~  neo-Al~ator c nfinzment scaling, the ~~~~~~~~~ density h i t ,  and beta- 
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indicated that a 10% oscillation of Bl and B, at about 100 Mz would be required to tcst 
this process in the STX. The power siipply required for this test is estimated to be modest 
over time scales of about 200 ms, although detailed assessments are ileeded to determine 
the best approach. 

The strong paramagnetism makes the spherical torus similar to an KFP or a sphero- 
mak in  that the BI and B, distributions are similar in the plasma core. Because of the 
relatively modest Byt  in STX, it is feasible to rapidly decrease B;?' after the spherical 

torus configuration is established, without dramatically disturbing the plasma core. The 
linked conductor (inner <lb coil legs) will contribute to stabilizing the resulting RFP- or 
sphcromak-like plasma. This will afford an opportunity to study the transition between 
these two regimes of plasma configuration. 

1.4 'THE OMNL-JGN COLLABORATION ON TJ-I1 

J. L. Alvarez Rivas, J. Hotija, J. L. Cantrell, B. A. Carresas, K. K. Chipley, J. P. Guasp, 
J.  13. Harris, T. C. Hender, 'r. C. Jernigan, A. I,opez, V. E. Lynch, J. F. Lyon. 
W. Martin, I t  N.  Morris, B. E. Nelson, A. Perea, A. Perez Navarro, 
A. Puehlas. and J A. Romc 

The Junta de Energia Nuclear (EN) and OWNE are collaborating cn the design af an 
advanced toroidal experiment, 7.r-II,22 to be built at  the JEN laboratory in Madrid, Spain. 
1 he joint design study is funded by a grant from the IJ  S.-Spain Committee on Coopera- 
tion in Science and 'l'echnology. Funds for construction of TJ-I1 itself ($15 million) are 
detailed in the National Fusion Plan for Spain. 

TJ-I1 is intended to serve as the focal point of the Spanish fusion program and to have 
strong participation from Spanish industry. TJ-I1 should have fusion-relevant plasma 
parameters and contribute to the search for an optimum magnetic configuration for an 
eventual fusion reactor. Experimental flexibility and the ability to make a significant con- 
tribution to thc physics understanding of toroidally confined plasmas are important factors 
i n  selection of the TJ-I1 design concept In addition, TJ-I1 should be a significant element 
in the European program and should complement the existing world fusion program. These 
considerations led to the choice of the stellarator area as that most appropriate for the 
'I j - I1  device. 

A wide range of sicllarator configurations has been studied in the search for the best 
magnetic configuration for 1'3-11, Three new configurations that are interesting in theni- 
selves are also potential candidates for TJ-11: a low-aspect-ratio torsatron with a triangular 
toroidal cross section, a riiodinlar (Symrnotron) version of this configuration, and a new 
flexiblc helical-axis configuration ("flexiblc heliac"). These configurations are discussed in 
this section. 

The timetable for the TS-I1 project calls for selection of the TJ-I1 configuration in May 
1985, completion of the preconceptual design studies by August 1985, programmatic 
review of the TJ-TI proposal in September 1985, final engineering design during 1986, con- 
struction dinring 1987 and 1988, and start of operation by December 1988. 



Low-aspect-ratio torsatsom (R/Q 5.- 5 )  offer a larger plasma radius for a  give^: Facility 
cost 3 r d  eventiidly mag/ lead to a mor63 compact steaiarator recnctor. (Mere: R is the major 
radius and ip is the average plasma radius.) Present stellasatosr are claanacterized by aspect 
ratios considerably larger than those of t cir tokamak rclativee;: in ATF, &‘a -= 7’; in 

Thc X‘J -11 studies of low-aspect-ratio torsatrsrns examinned the cffeetq of coil aspect 
ratio, number of field periods, shape of the toroidal cross scctiebn for the w ; T & ~ ~ , F s ,  poloidal 
modulation of the winding law, and addit tonal praloidal coils. The confag~ni >ticins studied 
were those with windings characterized by 2 -- 1, I( = 2, rl - 3,  ( P  = 1) -k ( a  = 2), and 
(Q ---- 2) f ( a  L- 3). The criteria used in the optimi~ataon process i-verd i</tz 5- 5 ,  t ( ~ )  

close to 1, moderate sheas {[e(o) - ~~~~~~~~~~ .C 0.31, a magnetic well, and Iow-order 
rational surfaces within r 2;- 4 1 .  

An interesting magaastk ~ - ~ ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~  was fosauad by increasing the tsiangdai ity of the 

8 - 2 winding on a torus with a trianrgular ~ r o s s  

R/a =: 7 (‘4333. FigLre 1.29 shows e h  

A inodznlar version of this ~ ~ ~ ~ ~ ~ u r ~ t i o ~ ~  was also found using Yymmatson coils. T$ns 
technique features a single modular mil for e d i  field period that incorposates the torss- 
tron helical arcs and toroidally directed windbacks to form n. rnodular cod plus a n  opposing 
toroidal coil to compensate For the windbacks. 

Other torsatson configuralions studied were not as interesting Altho~zgh the II -= I 
configurations had a large radius for the last closed [lux surface, they had a low t(a) and 3 

inarginal niagnetic we%l with several low-order resonant surfdccs outside the magnetic well. 
‘The 2 -- 3 configurations had low t values that prduced doublet-type magnetic swfaces 
(bifurcated magnetic axis). An II = 2 component w a s  added to these ~ ~ ~ ~ ~ ~ ~ r a ~ ~ ~ ~ ~ s  to 
increase thc t value and to produce a maglietic well. 111Qowever9 the c binations (Q -= 1) 
4- ( R  = 2 )  and (P = 2) + (P  ;= 3 )  roduced no better results than 
configurations because the mixed symmetry of the combined systems caused a major 
deterioration of the outer magnetic surfaces, resulting in a drastically reduced average 
plasma radius. 

Heliotron-E, R/a = 11; a d  in \veri 

toroidal cross section f ~ r  t il3diRg law as the ahfiseCL ratio W 3 $  deCsCi%Wd ‘The 
best ~ o n f ~ ~ ~ r ~ t ~ ~ ~ ~ ~  had di 2 

winding on a torus with circiilalr cross section 
sectio~~ and ~ / a  < 5 but wit11 the ~aaa-le ~113 ic ~ ~ ~ ~ f ~ ~ u ~ ~ ~ ~ ~ ~ ~ ~  propellies 2-3 a n  e = 2 

calculations for this casc. 

e s i n ~ ~ ~ - ~ - ~ ~ ~ ~ ~ e ~  

Toroidal magnetic configurations with cn helic 
broad magnetic wells, which lead to increased 
transform, which leads to a smaller nmagnetic axis shift with increasing beta a 
higher equilibrium beta limit. The ATF can produce helical-axis c ~ ~ ~ i ~ ~ ~ ~ ~ ~ o ~ s  
current in one of its two helical windings, but these c 
ATF was designed to access the high-beta, second st 
urations. Several 
gated, including cycloidal stellarators, ge~desic slellarators, the helicon, and thc heliae. 

grietic axis offer tbc possibility of 
stability, and higher rotational 

figuriftions are noli ~ p t i ~ x l i ~ e d  since 

ility region in circular -axis config- 
to optimization of helical-axis configurations were investi- 
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Fig. 1.29. Vacnsam magmetk field line caJcidatia.ns for a tlersatrcsw vifh R = 1.5 m, 
Q - 2, and m - 9 a~oollasd on n triawgdar cross-scctilaa torus, (a)  Flux surfaces at 6 - 
0". (b) 1 lux surfaces at 4 = 2 Q o ,  halfway through a field period. (c) Rotational transform 
profile. (d) V' = J dQ/B profile showing a small. magnetic well. 

'I he most interesting of the helical-axis configurations is the h e ~ i a c ~ ~  coil arrange- 
merri, which fcatures a set of TF coils with centers that follow a helical path around a 
largc, linked circular coil. This configuration is very attractive, at  least in the straight heli- 
cally symmetric limit, in that it offers the potential for very high beta operation (<@> -- 
25%). At finite aspect ratio, the maifi :heoretical concern is a possible equilibrium beta 
limitation due to island formation and breakup of magnetic surfaces caused by low-m 
rational surfaces either inside or not far outside the plasma boundary. Flux surfaces for 
low-aspect-ratio heliacs are destroyed via the genera tion of resonant harmonics by non- 
linear beating of the toroidal shift and the vacuum helical field. The amplitude of these 
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resonant components increases as beta increases. It is difficult to find a heliac configura- 
tion that bas no dangerous low-m rational surfaces in or near the plasma because of the 
small but nonzero shear in the rotational transform profile. Even if the vacuum magnetic 
configuration is optimized, the modifications produced by plasma pro=ssure effects move the 
configuration away from the optimum. A better approach is to build flexibility into the 
magnetic configuration, permitting a broad experimental optimization rather than a p i n t  
theoretical optimization. 

A good configuration has been found26 that has high versatility, low plasma aspect 
ratio (R/a - 6.5) ,  and good control of the magnetic Configuration propaties through the 
addition of an P = 1 helical winding to the central, linked circular coil. The coil currents 
can be chosen to give an t / m  profile that is nearly constant at a value of 0.38, thereby 
avoiding the most dangerous low-rn rational surfaces. Tbe resulting mil configuration is 
shown in Fig. 1.30. It has four fie1 periods with eight TF mils per period and two ten- 

tral conductors. The TF coil aspect ratio (R/rc) is 4, where R = 1 m, and the radius of 
the helical path of the TF coil centers is 0 . 7 ~ ~  The central !2 = 1 helied winding is in 
phase with the helical path followed by the centers of the encircling TF coils. The bean- 
shaped magnetic surfaces produced rotate around the central conductors as the magnetic 
axis follows a path similar to that of the TF coil centers. The indentation of the bean is 
always close to the II = 1 winding. The role of the J? = 1 conductor in shaping the 

ORNL-DWG 84-3803A FED 

Fig. 1.30. Coil. set for P flexible hetiac showing the P = 1 h e t d  winding (shaded) 
around the circular central conductor and the LlicaUy encircPng TF coils. 
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predominantly helically synnmetric plasma i s  similar to that played by the circular VF coil 
sets in shapicg thc piedBcrKiinantly axisymmetiic ATF plasma 

This “flexible hcliac” configuration has a number of significant advantages over the 
usual heliac configuration. First, similar magnetic configurations can be produced with less 
total current in the two central conductors than is reqlniid w/ith a single circular conduc- 
tor, Second, a decper magnetic well can be achieved. Third, the shcar can be easily con- 
trolled. and a nearly shearless configuration can be obtainedl as shown in Fig. 1.31. 
Finally, the rotational transform can be varied Q V C ~  a wide range, as shown irn Fig. 1.32. 
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Fig. 1.32. Variation of rotational transform value for nearly shear- 
less profiles, caused by changes in the fraction of the hetical current com- 
ponent in the total current of the two central conductors. The total central 
current is a factor of -2 larger with respect to the TF coil currents than 
that in Fig. 1.31. 

Examples of the bean-shaped flux surfaces produced are shown in Fig. 1.33. The varia- 
tions shown in Figs. 1.31-1.33 were produced by changing the ratio of the currents in the 
circular and Q = 1 conductors. Additional flexibility can be introduced by varying the 
ratio of the total current in the central conductors to the current in the encircling TF coils. 

In principle, additional improvements to the configuration can be made, such as 
toroidally modulating the current in the TF coils to reduce the toroidal shift and hence the 

breakup of the magnetic surfaces. Current modulation of the form ITF = lo(l + C 
cos M a )  has been studied, where #I is the toroidal angle, M is the number of field periods, 
and C is a measure of the amplitude of the spatial current modulation. The dominant 
effect is to alter the (m = 0, n = M )  component of the magnetic field. The nonlinear 
beating of this component with the ( m  = 1, n = M )  component in turn modifies the (m 
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J. Colchin, J. k. Dunlap, I,. C.  Emerson, A. C .  England, 
L, Hillis, D. F'. 1.13 

u r : k m i ,  V. K. Part  
sfather, R. A. Lan 

J2 E. ~ ~ ~ ~ p ~ i ~ s ~  and Sa D. Scott 

The working visits of ORWk stalf to Princel5n Plasma Physics Laboratory (P  
in the previous annual re rt,27 Were ~ ~ ~ t ~ D . ~ ~  a$ a means Qf hteg 

persons mto the research activities 
tion to tbe Princeton area began in the summer as the operation af 1%-B drew to a close. 

y the end of the year, 32 RNL staff members were on assig 
were irllvolved essentially full-time on TFTR aelivities but d 

the Tokamak Fusion Test Reactor (T 

ORNX, and PPPt .  Sbjll others were making short visits to PPPL in 
needs for their assistance. 

e i ~ ~ ~ ~ v ~ ~ ~ ~ ~  of 
instability studies 

es detailed analyses and program planning, 

diagnostics, ~ ~ ~ c ~ r ~ ~ ~ o ~ y  and spcr;ctroscopic ~ ~ s t r ~ ~ ~ n t a t ~ ~ ~ ,  ~ ~ f t  X-ray ~~~t~~~~~~~~~~~~ 
asuremetits, data base development, ~~~t~~~ 



1-58 

electron cyclotron emission (ECE) diagnostics, Thomson scattering diagnostics, charge- 
exchange diagnostics, cleariup studies, chromium gettering, FIR diagnostics, 1 -mm inter- 
ferometry, and surface materials analyses. Positive contributions have been made in all of 
these areas. Particularly significant contributions have been made to  confinement studies 
for full-bore, neutral-beam-heated plasmas; to chromium gettesing experiments; and to 
development and implementation of the multichannel FIR interferom@teP/polapianeter. 
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Results from new and improved diagnostics and theoretical models have indicated a 
TI. * s2 The diagnostics 

Thornson scattering apparatus, which has radial scanning 
new model far the electron behavior in the EL 
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capability, and a new I ~ ~ ~ ~ S U K ~ T I C I - I ~  of electroii temperature using the spectroscopic ratio 
between two aluminum ion lines C ~ S C : Q F ~  i~ the plasina In addition, diagnostics that can 
obscrve the high-magnetic-fkId throat region of the plasma have allowed us to measure the 
density and temperature in  that region for the first time. In conjunction with midplane 
rneasuremcnts, these ineasurements providt: information on the isotropy (or lack thereof) of 
the electron distribution function. We discuss the characteristics of the elsctron distribution 
function inside the rings (near the center of the plasma) for energies d 2 keV. The rings, 
which have energies of several haindred kiloelectron volts, are relatively decoupled from the 
power balance of the bulk electrons; results from recent ring experiments am reported else- 
where. 

Analysis of the ncw :-esuJts indicates that the structinre of the electron distribution 
function is as follows. (1) The distribution is noii-Maxwellian and consists of a two- 
component plasma, 'lhcre is a cold component (n, < 0.7 X 10l2 c ~ n - ~ ,  Tc d 100 eV) arid 
a warm corniponernt with a density 10% to 30% of the total electron density and a tempera- 
ture in the range of 200 to 800 eV. (2)  The cold cornponefit is collisional and relatively iso- 
tropic, while thc warm component is collisionless and anisotropic. The majority of the 
warm c,nigpsneili is mirror trapped, and only a small percentage passes though the coil 
throat region. We believe that the Jam-Maxwdlim naturc i s  caused by thc electron cyclo- 
tron heating (ECH] and will bc present to some extent in other ECH plasmas. 

2.1.1.2 Measurements in the cavity wMp1 

l h e  iesul t~ of temperature measurements by t h  thrce T, diagnostics are shown in 
Fig 2.1 as a fimction of neutral gas pressure pa, under typical operating conditions for a 
ilomirnal 28-GMz microwave po\vc: of Pp II= 15@ kW. The characteristics of the rneasure- 
ments indicated in this example are those generally observed; the soft X-ray r, deteeniina- 
tion is substantially highe; than that of the Thomson scattering, with the aluminum line 
ratio technique yielding an internlediate value. The difference among the techniques can- 
not be reconcilcd by accounting for statistical or known possible systematic ~ F T O T S  (Le., the 
errors bars of the measurements do not overlap). 

The soft X-ray technique3 is the one in use for the longest time on EBT. Due to the 
response of the detector, photons with energies < 408 eV are not detected, so that the 
dominant contribution to the analyzed bremsstrahlung is from electrons with energies in 
the 400- to 2000-eV range. Thus, the "temperature" measured by this diagnostic is deter- 
mined by the characteristics of relatively high energy electrons in the plasma. 

In contrast, measure8cen:s of clectromi temperature using the Thsmson scattering 
techniques4 are done by fitting a Gaussian function to the spectrum of the scattered pbo- 
tom and determining the electron temperature from the width of that function. In this 
case, the determiilcd electron temperature is dominated by the low-energy electrons, 
because more photons are scattered from the low-mergy electrons (so the statistical 
uncertainties in these numbers are smaller) than from the high-energy electrons. 

The aluminum lins ratio diagnostic5 i s  a method of measuring the electron tcmgera- 
ture that uses radiation resulting from inner-shell ionization of aluminum ions. Due to the 
energy dependence of the two cross sections involved, the response of this technique to dif- 
ferent electron energy components is fairly uniform (is. ,  the weighting function for Te 
determination is relatively constant regardless of energy for this diagnostic). 
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This is illustrated in Fig. 2.2, whic plots the calculated intensity ratio of the two ion 
lines vs average electron temperature. The solid line S ~ Q W S  the intensity ratio expected for 
a standard ~ i n g ~ e " ~ ~ r n ~ ~ e ~ t  (Le., Maxwellian) plasma. The dashed line indicates the 
expected intensity ratio for a two-component plasma distribution function of the form 

where n, and T, are the density and temperature of the cold component and n,v and Tw are 
the density and temperature of the warm component, respectively. The average electron 
temperature for this case is defined as 

where n, = n, + n, is the total electron dcnsily. For the two-component case shown, the 
ratio of warm to cold density has been chosen to equal one and TW/T,  = 2. As can be 
seen from the figure, a given value of intensity ratio will yield approximately the same 
average temperature for both cases. 
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From these results, it appears that thc Thomson scattering measurements will be dom- 
inated by the relatively cold electrons, the soft X-ray bremsstrahlung measurement will be 
dominated by tlie high-energy electrons, and the aluminum l im  ratio measurement will 
indicate the "averagc temperature" of almost thc entire distribution €unction. It is clear 
that the assumption of a non-Maxwelliaa distribution, with a cold bulk component and a 
highcr-energy warm tail componcnt, could qualitatively explain the difference in the "tern- 
pei-ature" incasurements i l lustiatd in Fig. 2.1. Since it has long been known that the 
entirc distribution function in EBT i s  non-Maxwellian, as indicated by the: presence of the 
high-energy ring electrons, it is not very surprising that. the distribution function at  ener- 
gies S ~ Q W  2 keV would he non-Maxwellian in the ?rcser,ce of ECH. 

Recent improvements in the 'Ihomson scattering system sensitivity, data analysis capa- 
bilities, and radial scanning ability have been dewribed el~ewivbere.~ Results from the 
improved system indicate the possibility of the presence of a high-energy warm tail com- 
ponent on the relatively cold bulk plasma. A typical spectrum of number of photons per 
channel vs AX2 (which is proportional to the cnesgy of the scattering electron) is shown in 
Fig. 2.3 The ordinate is the total number of photons scattered in each channel summed 
over ten laser shots. Background plasma light has already becn subtracted. The dashed line 
indicates the best fit for a single-component Maxwellian distribution function. For this case 
(F,v = Q ) ,  the calcidated electron tcrnperaturF: is Yk = 93 eY, and the normalized value of 
x2 = 7.5. The solid line is a weighted least-squares fit to the same data p i n t  using a 
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Fig. 2.3. Tfne namber of photons collected in each of six poly- 
ChrQIEIeter channels vs Ax2, wbere AX is the average shift of the collected 
light from the incident laser light. Data are summed over ten laser shots. 
Error bars shown are calculated statistical errors only and do not include 
possible systematic errors. 

two-component distribution function in which the three parameters n,, T,, and n,,, are 
treated as independent variables and varied to minimize x2. The value of T,,, is specifid to 
equal the measured soft X-ray temperature (-500 eV) for this case. For this case, the 
"best fit" sf the parameters is T, = 66 eV and Fw 0.21, resulting in a normalized x2 == 

1.8. We conclude from the Thomson scattering analysis that the presence of a two- 
component distribution function with F, d 0.3 is easily consistent with the Thornson 
scattering data. However, comparable cold and warm density components appear to be 
unlikely, since Fw = 0.5 results in x2 values larger than the single-component assumption. 

In addition to temperature information, density measurements may be obtained from 
the soft X-ray results. As with Thornson scattering, density measurements are more uncer- 
tain, since they require an absolute calibration of the detection and collimation system and 
a measurement of impurity species concentration in the plasma, whereas the temperature 
measurements depend only on the relative shape of the measured spectrum. Using the 
theory of free-free bremsstrahlung from a hydrogenic p l a ~ m a , ~  the direct analysis of the 
soft X-ray data provides a chord-integrated measurement of the quantity 

where 2 is the average ionization of the ions, n, is the density of the electrons observed by 
the soft X-ray diagnostic, and ni is the ion density. For EBT, impurity rnea~uremen1.s~~~ 
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indicate that X is very claw to unity (i.e., ther-, are few impur;iies in the plasma). Dividing 
Z, by the intcrferorncter measureme;l; yiclds a quantity (Z2n,>  = J Z2nYzVnedx/J ne d.x. 
Dividing by the central electron density (ebtaj ned from radial scznning microwave inter- 
ferometei data) yields an approximate mcasuremeni of thc ratio of warm to total electron 
density. 'The result is shown by the solid curve in Fig. 2.4. 'These results indicate a warm 
density that is 630% the cold density from mid-T-mods: (corresponding to a pressure of 
1.0 X lop5 t o n )  and higher presssarrs. For low I-mode, the calculated data points indi- 
cate that the fractional warm component increascs draniatically and (according to the 
measurement) exceeds unity. 'The explanation of this physically untenable result is not 
clear. Two possible explanations are that (1) the imparity levels are increasing as the T-M 
transition is approached, thereby causing the soft X-ray brcrnsstrahlung signal to increase, 
or (2) the cffccts of ircreascd fluctuations, ring dumps, and intermittent high-efiergy ions 
observed at lower neutral gas pressures invalidate the basic assumption used in the analysis 
of the soft X-ray data of a steady-state time-independent plasma. 

A secoxl? relatively simple estimate of the ratio of warm io total electron density can 
be made using only the tempernature measuremefits of the :bee diagnostics under certain 
simplifying assumptiox. If wc assume that (1) tkc simplc two-component plasma model is 
valid, (2) the soft X-ray diagnostic measures the warm temperature, (3)  the Thornson 
scattering diagnostic measures the cold temperature, and (4) the aluminum line ratio 

ORNL-DWG 84-39-00 FED 
.......... ~ ~ . _ _ _  
I I 

- I." 

T 
c 

N 
N 

I '  

... 9 

0 0.5 1 .O 1.5 2 .o 2.5 

p (IO5 to r r )  
0 



2-1 1 

measures the density-weighted average temperature, then a simple expression can be 
derived for Fw = n,/(n, 4- n,) = (Tavg - T,) / (T ,  - TJ.  The calculated value of F,,, is 
shown by the dashed line in Fig. 2.4. We see that there is fairly good agreement between 
this estimate and the estimate obtained from the density ratio measurements except at 
lowest po values (near the T-ha transition). 

2.1.1.3 Throat-midplane comparisons 

The installation of new magnetic field coils with'diagnostic ports embedded in the 
coils allows access to the high-field coil throat region. In this section, we present line- 
integrated measurements in the coil throat using a microwave interferometer and a soft 
X-ray detector and compare these measurements with comparable midplane results dis- 
cussed in the previous section. 

Curve A in Fig. 2.5 is the ratio of the average throat and average midplane electron 
densities measured by microwave interferometers. A measured density ratio close to unity 
is consistent with the assumption of an almost isotropic electron distribution function and 
the assumption (commonly made in EBT theoretical analysis) that the electrostatic poten- 
tial does not vary along a magnetic field line. 
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Fig. 2.5. Ratios of throat to midplane electron densities 
as measured by microwave interferometers (curve A) and soft 
X-ray detectors (curve B). 
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Iii contrast, tkc ratio ( . L ~ E  r/{ Z2rz,) ,xld zi~ia~~sured by the soft X-ray diagnostic is 
siihSa.?tially less than om, as skou~n hy c i ~ v c  H in Fig. 2.5 The 6ecreax inl this ratio as 
thc pi cssiiri: is decreased irndicaies a11 iiicrcasing anisotropy of the zJarm cornponerit, with 
an increasiilg frastiorl of thc R'3LIm d c z t r c x  being mirror trapped. i'iiis is in qualitative 
agre tmol ;  with ECE calculations by Batchclor e: al.8 

2. i.2 

0 I,. Ilillis, 0. E. Hankins, and D. W. Swain 

Elcctron temperature Te and e!ectroti density n, 'illCr;Sult?kliCfitS on ELMO Bumpy 
Torus-Scale (r3BT-S) haw been possible only CE t h t  plasma cornpone 
viewed tlifough diagno:itIc psrPs fouvd on thc cavity midplane Ne% "split mirror" coils 
installcd on EBT-S allowd diagnostic access to thc high-field coil throat region. 

ostis was installed on one of the split mirror diagriostic ports to 
piovid< both T, and s i c  ri-reasurel-mx:a of thc pldsma coniponcn: prmcrit +a the mirror 
throat. lhis diagnostic measured ti:? s d i  X-ray energj distribution (0.4 5.5 keV) on 
KBT-S using an 8C1-mm2 ''!vindowhs3 Si(Li) dc:ect=r. 

clectssn temperature; as mizisured with the 
soft X-ray detcc:isx systems 01 581, ia t l x  cavity Inirlpbnc arid in the mirror throat 
regioil. l h e  ddta of Fi2 ?.B werc acqp dnriag typical EBII-S operation with P,, --- 
150 k W  at 28 GHz and a midplaire miignztic: field of 0.72 T. It is also found that 
rz,(throat) : 0.1 Oi;,(midplaTic)r. At high (aollisiomlity (i.e., higher piesstArc points) the 
throat and ~nidplane teniperatiircs are about equal. As the pressure is lowered (an9 th:: 
collisioti~lity deczaases), both tempcratuias increase However, the :emperatlare of the 
trapped parMes En the midplane incrcascs than that of the passing particles in the 
coil throat. i h i s  i s  in qinalitativc agreciriisrt with a model in which the trapped particles 
]-save absorbed more of the ~ I I ~ C ~ O W ~ V ~  heating caeigy than the passii?g particles. 

An indcp-xtd ;?t cxgcriment, the thres-cavity turnoff cxperimrnt, has confirmed that 
the warm tail is largely niirron-trapped and i s  driven by ECH at the fundamental rem 
nancc zoim ;a; the cavity of rsbsxvatim, The experirnewtal setup and soft X-ray spectra 
are sho\~n irn Fig. 2 7 The conventional tlreoiy of ECW in VBT. based OD my tracing 

-. 

Show;k in Fig 9 6 is a coiliparkcn of i 
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Z ce O f H O B  Electron Ri ---The Ring Killc 

D. L. Hillis, J. €3. Wilgen, 3.  A. Cobble, W. A. Davis, S. Hiroe, D. A. Rasmussen, 
R. K. Richards, T. Uckan, E, F. Jaeger, 0. E, Mankins, J. Ha. Goyer, and L. Solensten 

The EB'T' normally has an energetic clectroii ring in each of its 24 mirror sectors. The 
original. intention of using this hot electroa population was to provide an average local 
minimum in the magnetic field (through its diamagnetism) to stabilize the simple imter- 

bumpy torus. To st the. confinement properties of a bumpy torus without the influence 
of hot electron rings, a water-cmled stainless steel limiter in each mirror sector was 
extended into the 
papulation. These ters were aptly named "ring killers." Electron temperature, density, 
space potential, and plasma fluctuations have been measured during the ring killer experi- 
ment and are compared to standard EBT operation. The results of these experiments indi- 
cate that the hot electron rings in EBT do enhance the corc plasma properties of EBT and 
do, in fact, reduce plasma fluctuations; however, these ~~~~~v~~~~~~~ are not large in mag- 
nitude. These measurements and recent theoretical models sug est that simple intcr- 
change/fhte modes are stabilized, or fluctuation levels reduced, well before that condition 
is obtained for average minimum-B stabilization. Several possible mecknarnisms for this sta- 
bilization are discaissed. 

change 2nd flute m s, which otherwise are theoretically inherent in a closed-field-line 

sma to the ring location, and this eliminated the hot electron ring 
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except for an offset of 1 to 2 c n  tov~ard thc small riiajor radius location. 'Ihe ring ;vould 
also have a small componeiit of diainagnetism extc~ding to near lthc cavity wall. 

~ .... .... __ ..... ~ _ _  ........ ~ 

'University of Missouri, Rolla 

D. A. Rasmussen, c) B. Batchelor, D. W. Swain, T. L. White, M. D. K ~ E I  
'I-. S. Bigcloav, J. A. C'abble, K. C. Goldfinger, 3. L. IMis,  K. K. Richards, 
T. Uckan, J. B. Wilpen, and 0. F, flaiikiilq 

Thc midplane. li~iciswavc he8 g system in El31 was snpplcmentcd with power 
launched From the high-field si& of tine fundamental rcsonancc by. an aaterma in the mag- 
net coil throat (Figs. 2.9 and 2.10). Up to 43 kW of polarized [cxt iasdinanj  (X) rnodc], 
28-GI-l~ power was successfully launchcd with one antenna. Measurcnients wcx made of 
changes in the COK aid hot electron ring plasma pararneters when throat-launch yo\Vei 
was addcd. In s h a p  contrast to initial eapeetatichis, the bulk plasma parameters were 
deg~ardod while thc i-ing parameters in thc launch cavity were improved. These results arc 
explairned in light of a modified pictim of ECEI in F A W .  A pielure of localieed rnicrowavc 
absorption and particle losses is supported Sy additional mcasui trncnts 
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of 25 d M  was typkbl at normal machine operating parameters. Absorption of the other 
characteristic wave [ordinary (0) irnodc] was typically 1 dB or less (compared to the no- 
plasma reference). Rotation of thc angle of the plarization ellipse rclative to Bc prod~ces 
a measurable cliangc in ihe X-modc absorption. If the plasma dcnsity is varied hy chang- 
irg the 18-GHz ECH power from off to 40 kW. the X-mode absorption increases rapidly 
ap to around 10 kW and thcn levels off, as shown in Fig. 2.12 

I hesc measurcments can be compared klritli simple ray tracing calculations to check 
for agreement. Calculations were performed for standard EBT-I plasma density and tem- 
perature and show that an X-mode ray emanating from the source location that intersects 
the receiving antenna ~uould actually cross the resonance zone slightly below the BBT 
centci$i;ie s ' now~ in Fig. 2 11. The angle between the ray and Bo at thc interscetion is 
125". Using the Appleton-Hartree dispersiorc relation to obtain the X-mode wave pdariza- 
tion for this angle gives an axial ration of 5.1 dB, which agrees well with the 5 clB mea- 
sured for the maximum absorption. ('The line-of-sight angle of 140' gives 2.5 dB.) These 
results are very encouraging Loth for the accuracy of the te3t setup and for the ray tracing 
tkcory . 

The transinitting waveguide antenna used in thc polarized absorption seedy was modi- 
fied to operate at high power by adding extra coc'iwg lines and changing the phsse shifter. 
'l'he antenna could handle up to 3 kW cw at 18 GHz, cacept for the two vacuuin windows, 
which caused prohlcrns. It was pmsiblz to operatc at 1 kW into the plasma for extended 
peiiods, and somc data were collected. The 18-GMz I X H  p ; 3 w ~  was obtained by borrow- 
ing power from another cavity on EBT. The power cou!i! bc switched betwccn throat 
launch. a d  normal feed using a ferriie switch. 

- 
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2.. l.10 Absimct cf “Multiple-Freqiae~ry Electmn Cyc!o,$rom Heating of Hot Electran Rings 
in the ELMO Bumpy TormWLf 

D. A. Rasmusscn, T. S. Migelow, D. B. Batchclor, D. 1,. Hillis, G. R. Haste, B. H. Quon, 
and 0. E. Mankins 

The use of multiple-frequencj microwavc power for ECH significantly increased the 
ring stored energy irn the SM-1 simple mirror device. Multiple-frequency TECH (MFECM) 
was used on EBT in an effort to increase its hot electron beta. No substantial improvement 
in the ring parameters W B S  obscrved in a series of two-freqiaency ECH experiinents, with 
freqencney Sepdi;atiOIK3 CF to 90 MHz, in contrast to the dramatic improvement found in 
the axisymmetric SM-1 experiment. The toroidal canting of the EBT mirror sectors intro- 
duces asymmetries that dcstroy thc superadiabatic behavisr of the energetic electrons, 
reduce microwave heating efficiency, and produce additional ring losses. Thcsc effects 
qualitatively explain the different multiple-frequency heating rcsrrlts obtained in EBT and 
SM- I .  

Z1.11 Abstract of Th E8T-S 28-GNz 20@-kW, cw Mixed-Mode ~ ~ ~ $ ~ - ~ ~ ~ ~ ~ ~ l  
Plasma Heatirng Systs9m”” 

T. I,. White, H. I). Kimrey, T. S. Bigclow, i9. D. Bates, and 11. 0. Eason* 

The EB’K-S 28-GKe. 200-kW, cw, plasma heating system consists of a gyrotron oscil- 
lator, an ovcrsized waveguide two-bend transmission system, and a quasi-optical, mixed- 
r(.lode microwave distribution manifold that feeds rnicrowase power to the 24 plasma loads 
of the EB’Z‘-S fusion experiment. Balancing ~ Q W X  to the 24 loads was achieved by adjust- 
ing the areas at 24 coupling irises. System performance i s  easily measured using system 
calorimetry. The distribution manifold mixed-mode power transmission, reflection, and loss 
coefficients are 8996, 696, and 5%, respectively, The overall system efficiency (plasma 
powerlgyrotron power) is 80%, but with S O I ~  modifications to the distribution manifold, 
we believe the uliimatc efficiency can approach 90%. The systcrn reliability is outstanding, 
with a world’s record of 1 X 105 kWh of ~ ~ - G M L  energy delivered to the EBT-S device 
with we11 over 1 x io3 operating hours. 

2.1.12 Abstract of “Mixed-Motje Distrihaation Systems for Nigh Average Power 
E\ectrrPw Cyclotron Heatiagy~~ 

T. L. White, I I .  D. Kimrey, and T. S, Bige!ow 

Thc bBT-S experiment consists of 24 simple magnetic mirrors joined end-to-end to 
form a torus of closed magnetic field lines, In this gaper, we first describe: an 80% effi- 
cient, mixed-[node, unpolarized heating system that couples 28-GWz microwave power to 
the midplane of thc 24 EB’I-S cavities. Thc system consists of two radiused henids feeding 
a quasi-opticzl, mixedmode toroidal distribution manifold. Balancing power to the 24 cavi- 
ties is determined by detailed computer ray tracing. A second 28-GMz ECH system using 
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rotran high-efficierac;= 1-egirne. A world’s record, 54% total cfllciency, has been achieved. 

e have fou11d that the 
simple cavity oscillator can operate stably in the “hysteresis” r e g i ~ ~ n ,  whesk: operatirag spam 
is theoretically shared by more than one mode. Access to this regime has o;~Bgi been 
achieved by first initiating oscillation the proper mode and then lowering tht: cavity 

sary for studying various E T-S plasma ~ o r ~ a t ~ ~ n  and decay times. A technique has WZSO 
been successfully tested for operating two gyrotrons from CCIMI’IPQ~ heam and giin suppllies, 
thereby making possible ~~~~~t~~~~~~ cost savings in designing cw ECH power systems. 
Finally, second-harmonic gyrotroxs ~ ~ ~ j ~ ~ ~ o ~  fr ~~a~~~~~~ pdse gyrakrons, 
first identified at ~ ~ s s ~ ~ ~ ~ ~ ~ ~ t t ~  %ns%itute nf 1 in the mg mode, has 
been verified st 0 

magnetic field- Techniques have hecn elopd lor pulsing at high average ptswer meces- 

aity and 7’. L. Owens 

Large increases in t e plasma density on the Nagoya 
Institute for dYasrna Pha ya, Japan, were ~bsea: 
heating (K1-I)  using a so- agoya Type 1x1” ~n~~~~~~ in conjunction with gas puff- 
ing. With about 200 nsity values of 3 0 Y 
measured. Several a cc these rcsulls on 
antenna of similar design. No ~ ~ ~ r o ~ ~ ~ ~ ~ ~ ~  density increase was eyer observ 

e 111 antenna differs from the normal loop antennas used f 
in that it is oriented such that 
different designs were tried 011 

allel to the toroidal magnetic 
at was completely unshielded 

and passed through the throat of one of the toroidal field (IFF) magnets, the ather with the 
same shape and orientation hut with soli shields between feedthroughs and the mirror 
throat region, so that the only exposed portion of t a radiating element was the 
portion located in the magnet bore. A full parameter scan was e Qf ITla@Xtic fk?1d9 
ambient neutral pressure ~ ~ p ~ r a ~ ~ n ~  made), gas puff timing, and frequency in trying 
to find the proper opeaa?ing c~nditions. 



Thr: sntenna loading i e s l s t  , on i,Ki-S w q  about one O i d C r  of inagniilide gca ter  
than thei on NST-IM,  even for the anteilia with the su~face chicMs. Foi thc cc:r??pl~tdy 
unshielded anieiinc, the loadill? ‘.+us se.icrlrl times preatci still. rhis diffcrernce iir 1oalf;ng is 
probably the key to undcr standing thz dibcrep;ilcy One major diffeTencc b?e::vs.en ;<BBT-S 
and N f3  $- 1 M is the volume occupied Ly the sirface pldsma. w i -  1 M vas dcsigncd with a 
slightly lower mag ic tk  11l;rioi ratio an4 v d h  a vaciiiurii wall much clcset to tlic toroidal 
plasma, thus rcdueiny thc voluriic ,tvailahk for thc suif:ici: IIidSiiic3 It is suspecicd that t 
h i g h  loading measrrrec! on FJ3T-5 is due, a t  least in part, to iilc;czss,.J surface plasma 
loabiag. 

A s e ~ o i ~ d  differec!cc Sc t iwen  th; twc Ii-iachincs is th r  v a ~ u m i  wail mntcrial. Thc 
N W - l M  vacuum vessel is entirely stainlcss steel, and the LET-S vaciiiiin vessel is ccn- 
structed GF aluminum. riiesc: t l . 4 ~  ~r~aier;als presamably exhibii siznii’rcantly differeat par- 
ticle recycling, which may also nccomt for thc dispaidtc results 

and sufferrd sufficicnt 
dainagc f;om sputteiing to result iii a loss of coolant iirto thc vacuum vessel. l h e  co~pci  
sputtering probably accounts for the irreyioduciblc iesxltq 071 EBT. 

Ti-rc results on N): 1-IM. while yxctacular in th,: niagiIlitld:: of thc observed density 
incrcbse, did not inilkate any increase in encrgy ccrni~ne!racnt time however, as no incicasc 
in ion or electron temperatures was olsc;ved :ipnn appkatiord of the IC11 using thc typc 
111 antennas. On EBd‘, no ngc in core plasma t c q x m t u r e s  ? m s  observcd, either. Thus, 
it is suspected that most of thc ICIP on LBT w m t  Aircstly to poorly coi-ifiaed or com- 
pletely unconfinzd surface plasma. 

Thc ;WS antcnnas 1 1 ~ 4  m t-Ai-S WCPC rmstrurtcd of cop -- 

T. I,. Owens, F. W. Bait?. a i d  W. A. Davis 

Wave heating of ions is obtained in EBI  exp-~;rr,ents v~her: 18 GHz 3 OIQ! 3 
3 GIIz. Absorption of wave eilci-gy in the plasma ccJ:ier i s  dcmonstrated. I h c  fast magtie- 
tcsonic wave is observed on clcctrostatically shielded lsoii piohes placed at the cdge of the 
plasma, but it is shown $>at thr: fast wave c cct directly heat the ions in EB’I’. The cxpcr. 
iments suggest, howcier, that the WBS’ES that do prodr~e the ion hi2ating are ~ u p k d  to the 
fast wave. The possibility that the ‘nesting is due to excitation of electrostatic waves is 
investigated tlrea~ ctic:illy. 

2.1.15 

W. H. Casson and .T. B. Wilger~ 

FIR Scntferhg ME88”JrZI-,YleBf$ of Iknsity Fh 

A considerable portion of the filial experimmtal effort nn ERT directed toward 
mcf;s~ring the density fluctuations and ;can wave characterihtics by tke scattcring of far- 
infrared (FIR) radiation ’ l k c  FIR scurct: l a w  operated zt 44.7 ,urn and was suppicnentcd 
with a 2-min klystron option. Scattered Yigrlals were o b m  vcd using a homodyne rzceivcr 
with an airteama beam that scanned the plasma spatially along thc central horizontal diam- 
eter of cavity W6. ‘ Ihe  fluctuation Ieve! could bc recorded for three diffcrcnt angles for 
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of the scattered intensity 65 incident intensity is given by 

9 
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Fig. 2.15. Signal level of FIR scattering from cavity 
center vs magnetic field strength during pulsed (10-k 
EBT-I operation at po = 16 pLtorr. 

ORNL- DWG 85 -2522 FED 

4 8 12 16 20 0 

DISTANCE FROM INSIDE WALL (in.) 

Fig. 2.16. Scattered signal vs spatial location during 
ICH heating with 43 kW of 15-MHz input power to an 
EBT-I plasma at 20-ptorr neutral pressure, resuiting from 
mR (447-pm) scattering. 
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L. Solefastefi, 5.  W. Goyer, K. A. Connor, a d  12. L. Hickok 

YIP- b 8'T' heavy-ic? bcmn prob.;. Isas Pzca used to rn~as im the two-dimemional (2-D) 
t u r ~  of the steady-state potentia: in EB'L'. Data have hzzn acquired in tho cavity mid- 

plane brtwcei? adjacerit mirror coils for a :vide r a n g  of machine conditions. F a  Cxarnpk, 
a scan of potential vs prcsswrc in EBT-I ( B  = 0 5 i, ECH at 18 GHz) revealed two dis- 
tiilci toplogics. At low p ~ s s ~ ~ r c s  (T-moct~) thc poicrntial is characterized by a central 

of mrested c8,osrd contours Zndicativr of g o d  confinernax. The potential a t  high pres- 
si.1rc i s  dominated by roughly d i a g ~ n d  contours leading to an F: X B drift direetcd vzrti- 
cally u p a r d  and radially o u t v c d .  The ptectial. changes smooth'ly f r m i  one structnrt; to 
the other OVEP a narrow pressure iange a i s w d  thc minimum in the line-integrated electron 
dci;Fi:y which Mines tkc C-T transition 
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was reached. The agreemcat betwieew theory and experiment on this point was very g o d ,  
allowing for typical measurement errois. 

To understand the significance of this, one must understand the underlying principle 
of operation of EBT: that the hot electron rings modify the magnetic geometry to provide 
stability. Recent data h a w  indicated that the rings are too weak to provide the necessary 
magnetic modification, lcaving stability (and the close relation of it to ring formation) an 
uaanswercd question, This thesis attempts t~ answer that question. 

In addition, the data are used to obtain an indirect n~easure of the energy confinement 
time in EBT, and, with the results of other diagnostics, a possible: operational scenario is 
developed. 

2.1.28 

S. Hiroe, J. A. Cob’nle, J. G .  Glowienka, D. L. Millis, G. L. Cfm,  A. M. El Nadi,* 
J. K. Goyer, L. Solenstcii, W. H. Casson, 0. E .  Hankins, and H- IT. Quon 

Summary O f  “Effect of FBaeta 

Wc I-ravc discussed experimentally whelher the plasma parameters obey the neoclassi- 
cal transport or the anomalous transport. The experiment indicates that the plasma is 
aiiomalous rather than neoclassical because plasma parameters do not scale with ( E /  Te)2 
but correlate well with the percentage density fluctuation level. The stability condition is 
satisfied with the criterion of 6(ln F‘JJY) > 0 for the flute i ~ ~ d e ,  

We found the plasma stored energy density (3/2nc’l\) for the cold eompoEent to be 
restricted bet wet^ the values 

4.5 X 1013 eV/crn3 < 3j2nT < 9 X l O I 3  eV/cm3 . 

The lower limit does not depend on the heating power and results from the nonequilib- 
rium or instabilities associated with the low-frequency broadband fluctuations. The upper 
limit i s  pheiiomcaologically related to the hot clectron instabilities. However, it is not clear 
that it resdts from the instabilities. The upper limit has a heating power dependence. 

We foetiid that there is an attractive pressure region where the electron density 
increases with the electron temperature. This implies that the stabilization of the hot elec- 
tron modes is an important issue to improve the plasma parameters in this type of the con- 
firremerit system. 

‘Cairo University, Giza, Egypt. 
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by various cnmhiiiations of gas puffs lastkg sevcral milliseconds and rapid switching of the 
? 8-GZ I; i i i i ~ r ~ " ~ ~ " x ~ c  p v e i  bctwsacn two lc~rcls During these experiaeilts, time evolution of 

techoigues, a d  soft X-ray mlcasurcmcnts Iimc evolution of the spatial elcctron 
distiibution -'as rmxwrrsd by microwave iapterfeiomctcrs in the midplane a ~ d  throat. 

Thl; piimaIy goal of thzse cxpesinrents was to detcrmina: -ahether, with the existing 
W3'i -5 device, substantially improved performance could be clbtained by opcrating in the 
collisional izgiine to iedncc d i ~  ect particlc losses. Litt!s eudei~ce of improvement was 
found in :hc experi:nc;;a. In spite of average ring beta ( p >  -'z 8% (the 100-kW cxpcri- 

miciowave p c w e ~  input i s  comparable dilring a gas piiff to the steady-state C-mode and is 
rio k t t e r  thaii bcforc the gas puff. A iapid tnrmdmvn in power lcvd piovieles 2 convenient 
fiicthod io study thc collisional regime; howewr, the diffexncc h e b ~ ~ ~ a  pcrforma rice in the 
high-powzr ar?  in the low-~awer states is small.29 

tkg - ,,!L-ib. --4- or, encrgy distrihuiioii was meascmi by Thornson scattering, hl III  line ratio 

11- :,,L,), n- f ,. thc ratio of storcd core snesgy (as determined by Thornson scattering) tr, 

J. B. Wlgen, M. K. Richards, L). 1,. FIillis, J .  A. C~hble,  and T. 1,. W'hite 
7 

I h s  pnrp7sc of t ineasui ccnents is to determine confinement properiies from the 
mic respcmc of t dent mc:hod for 
u ring the electron energy confincmmt time and for investigating mechanisms of e!ec- 

tran energy transport in LBT.'~ ~ h c  appeal of this approach is that it c~aes not ietpirr: 
accairaic kwowldge of either the heating rate or the anergy conterit of the piasma, both of 
which milst bc 4 1  known for the usual steady-Ftate dekrminatisn of the energy confine- 
meat tim:. 

In the first, the ECH powcr is 
ted to eAamim the plasma respnse to a qtep function in the h a t i n g  ratc. In 

sinusoidal pa-tal sbation is supximposd on thc ECII power, allowing mea- 
s ~ . E T ~ x ~ K * ~ * :  of the transfer fi;nction of plasma pai-armeters (i.e., amplitude and phase) as a 
functhn of modulation frequency. 

For the step function ~esponse, t5e ECH power IS p&f; m ~ ~ M a t e d  with a11 amplitude 
ranging from 5% foi small modulation to 80% for large-amplitude modlalation. The plasma 
responsc (primarily the electron ermgy) i s  monitored with an array of diagnostics, includ- 
I?g Thornson scattering to measlire the temperature; and density of the bulk ~ ~ ~ C ~ S B D S ,  scift 
X-ray mex~urer 'e*- t~ to inonitor the caergetic electron tail, a spectroscopic aluminum 

urity line ratio technique that. i s  sensitive to the mean clectron energy, and a micro- 
e interferometer to me PC the lice-aveeagcd ckctror density. Under the assumption 

that thc profile: docs not change significantly, thc temporad behavior of the ma! (volumc- 
iiitcgrated) electron energy contcnt of both bulk and tail compcsnemnts can be inferred fro= 
*Le-- 
c ~ ~ ~ ~ r  aii~dasuremel'lis 

Thc Thornson scattering and interferometer data show that thc electron tenrpssature 
domindtes the response of the corz plasma, tracking charzges in the ECH ~ O W G ~  ia a 
ManfiCi consistent with ioughly constant elect ron encrgy confinexe~t~ Changes in electron 
density are srnaller by an orde: af magFitude. Thc clectrorn tertperzturc9 as shown by the 
I homsoi~ scattering data (Fig. 2.18), iesponds very quickly to each step discontinuity in 

ltisrna a d  tlm~ceby to establish a second iiidcy 

TWNO mcthds of measuremznt have becn explol-cd. 
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the heating rate, showing an e-fohaldirrg ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ o ~  ti e of r ~ u ~ ~ l y  8.3 ms, after the finite 
switching time of the E 

~tli-ori tail, as evidenced by the soft X-ray measurements, is quite 
different, showing larg e density and the t ~ ~ ~ p e r a ~ u r ~  of the tail com- 

change in the tail. nsity and a factor of two change in the tail temperature. The time 
evolution OF the density an ~ ~ ~ ~ ~ r a ~ ~ ~ e  waveforms can be quite complex, with the tem- 
perature waveform showing a time delay and il tendency to overshoot. However, the 
d ~ n s i t y - t ~ ~ ~ e r a $ u r e  product is ne y expnential i shape, and it is consistent with am 
e-folding time in the range from 6 to 1.4 ms. T e aluminum line ratio measurement, 
which is sensitive to the mean electron energy, gives B result that i s  intermediate between 
these two cases. 

For measurements of the transfer ~~~~~~~~ of the plasma, only t e aluminum line ratio 
tempsatwe data are availlable, A 5% s ~ ~ ~ ~ o ~ ~ ~ l  a ~ ~ ~ ~ t u ~ ~  ~ o ~ ~ ~ ~ a t ~ ~ n  is superimposed on 
the ECItI power with a fixqelemy in the range from 10 f lz  tc:, 2 kHz. Once again, the 
dominant plasma ~ e ~ ~ ~ ~ s e  is in the eketson temperature. For T-inode operation, the 
arnplinude of the electron temp lure response is very large, exceeding 30%, and show 
only a anodest rolloff in amplit for ~ ~ u l a ~ ~ o n  frequencies above 400 Mz (Fig. 2.19). 
The phase lag of t e tenayeratwe waveform, relative to the ECI-I power waveform, shows 
an unexpectedly large phase shift of almost 400* as the modulation trequency is increased 
from 10 HZ to 1 kMz. I[aa ~ ~ ~ ~ ~ ~ a ~ ~ s ~ ~ ,  the amplitude s f  the density res nse i s  smaller by 

~ W W K  i s  hken into account, 

ponent. For exam the ~~~~~~~ rate results in a factor of four 
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an order of magnitude. Mowcver, the measured phase lag is very similar to the ten-npcra- 
ture data. Above 200 IL:; the phase shift data are suggestive of a time delay of --0.8 ms. 
'I'aking this into account, the transfer furnction data are consistcnt with alp electron energy 
confinement time of <0.5 ms. 

When EBT i s  operatcd at higher neutral gas pressure (C-mode), where the electron 
tail is not O ~ S C T C ~ ,  then the experimental results more nearly correspond to the simpls: 
solutions of the clectrcn cnergy balance equation expectc for a single-component plasma 
with constant confinenlent For example, the ampliti.de of the temperature waveform is 
greatly reduced anid eomparab'rc :o the 5% amplitude sf the ECH powcr waveform. 

21.28 

R.  K. Richards and J. C. Glowienka 

A Comparative Measurement of the Pwticle Confkcment T i m  h EBT 

'The neutral density and thc particle csnfinemcnt time in EMT-S have been determined 
by two different techniques. These involve a spectroscopic measurement and a fast-ion 
decay measurement from a diagnostic neutral beam. Thc results from these measurements 
arc dkplayed in Figs. 2.20, 2.21, and 2.22. Both diagilostics exhibit a strong dependencc of 
the particle confinement time on thc fill gas pressure bat only a weak dependence on the 
hcating QOWH. Although both diagnostics exhibit identical trends for the parlick confine- 
rncimt timc, the results differ by a factor of 2 to 3. 
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Fig. 2.20. 'he variation of the particle conhe 
function of fill gas pressure with a constant microwave ~ e a ~ ~ ~ g  power 
P,, = 50 kW. The open circles represent results from the fast-ion 
decay measurements, and the solid curve is from spectroscopic 
measurements. 
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Fig. 2.21. Variation d rp as in Fig. 2.20 for P,, = 100 &W. 
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Fig. 2.22, Variation of sp as 6n Fig. 2-20 f:w Pp = E50 kW. 

The neutral density is relatcd to the particle confinement 7-p by 

1 2 nisi == - , 
i ?P 

where nj is the neutral density of atomic and molecular hydrogen and sj is the respective 

ionization rate. F,ach of the diagnostics measures a property of the neutral density to deter- 
mine the particle confinement time. In the spectroscopic rncasiill-cment, thc photon emis- 
sions from atomic and molccedar hydrogen are measured separately to determine thc indi- 
vidual densities; then these are csmhincd for calculating the particle confinement time. In 
the fast-ion decay diagnostic, fast ions art: creatcd in the plasma with a diagnostic neutral 
beam. The dccay rate of these fast ions on the background neutral population, both atomic 
and molecdar, is then measured to estimate the neutral density. 

The observed variation of T~ with fill gas pressure and microwave power can be 
expected from the parameters of electron dcxi ty  and clectisn temperature in EBT. For 
n$! - ( 1  3 )  X l O I 3  cm-*, the molecular neutrals are strongly attenuated, but the atomic 
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on neutrals are only weakly a t ~ e ~ ~ a t e ~ .  Therefore, the neutral density will 
vary roughly as the fill gas pressure and the particle confinement time as the inverse of the 
fill gas pressiare. At very high fill gas pressure, the elecansn ~ ~ i ~ ~ ~ r a t u r e  decreases to a 
point at which the ionization rate of the neutrals is reduced, and the particle confinement 
time can increase with increasing fill gas pressure. 

The variation of the particle confinement t h e  with microwave power can be under- 
stood by the dependence of the electron density. In EST the electron density increases 
slowly with microwave power; since the neutrals are only slightly attenuated, the particle 
confinement can only be expected to show a weak increase with increasing power. 

A schematic of the flu fluorescence ~ x ~ e r ~ ~ ~ ~ ~ t  i s  shown in Fig. 2.23. The tlashlarnp- 
ye laser used for this experiment was a Candela SLL-66 coaxially pumped sys- 

tem. Using a s ~ ~ ~ ~ o r ~ o d a ~ ~ ~ e  440 dye dissolved in m hand,  the laser produced -80 mJ at 
6563 A in a 200-m pulse, With a 25-pm, air-spac etalon, the ~ ~ ~ ~ - ~ ~ ~ t ~ ~  half-intensity 
~ a n ~ w ~ ~ ~ h  was 0.75 A; with a m etalon, the h width was s A, as measured with a 
1 -m JarrelX-Ash spectrograph. 6563-A mirrors were used to steer the laser heam 
through a hole in the le (1. wall and through the median plane of the W5 cavity on EBT. A 
~~~r~~~~ lens with a '7 -cm focal length was used to us the light at the 6-in.-long, 
0.37S-in.-diam, microwave absorber; otherwise, the laser er in the interaction z o ~ e  was 
s ~ ~ n ~ ~ ~ c a ~ t ~ ~  reduced, and the Bight reflected off the microwave absorber walls, ~ r o d ~ c i n ~  

BHNL-GWG 85 2 5 2 6  FED 

Fig. 2.23. Schematic diagram for the Ha scattering e x ~ ~ i ~ e ~ ~  ~ e ~ o r ~ ~  014 EBT, 
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unacceptably large stray light levels. With this focusing arrangement, the beam was 7 mm 
in  diameter in the center of EBT, slid approximately 40% of the energy from the dye Baser 
transited the cavity. 

The blackened horn that we originally tried as a beam dump proved inadequate in 
atteriuating the direct laser beam. A dramatic decrease ia stray light level, of one to two 
orders of magnitude, was observed when the water-cooled, Brewster-angled, blue glass 
beam d~amp was transferred from the 'Ihomson scattering experimerit. A plane 1 0-cm-Oiam 
turning mirror, followed by a 7-cm-diam Suprasil lens with a focal length of 20 can at an 
object distance of 73 cm, imaged a 1-cm-diam section from the center of EBT onto a 
quartz fiber optics bundle placed 27.5 crri from the lens. Between the lens and the fiber 
were installed a 10-ms shuttcr and a short-wavelength cutoff filter that only transmits 
wavelengths longer than 6400 A. The quartL fiber bundle was long enough to transport the 
scattered signal out beyond the lead wall. The entrance to the fibers is circular, and they 
exit through a 1- by 11-mm slit. The light exits at fl7.7 and is incident on an 80-A 
bandpass filter with 51% peak transmission. We could not use a more narrow (5-A> 
bandpass filter that was available without adding more elements to the system to provide a 
region of collimated light. Extreme rays of the f/7.7 beam see the: cetitral transmission 
peak shifted by 26 A, which creates the need for a much broader bandpass filter in this 
case. The filter was placed against the exiting fibers, and a Hamamatsu W928 photomulti- 
plier (with a photocathode area of 8 by 24 mm, well in excess of the exiting beam size) 
carne directly after the filter. We originally tried to use a GaAs R636 photomultiplier tube 
(PMT) with a 12% quantum efficiency at  6563 A. ~ o w e v e s ,  the photocathode degraded 
after just a few days of use, and the mcan anode current of the R636 is only IpA. Hence, 
we changed to a general multialkali PMT (R928) with a 6% quantum efficiency and a 
potential 0 1-mA anode current. This, together with the IO-ms shutter (which had to be 
installed inside the lead enclosure, j i i s t  in front of the fiber entrance), cut the ambient €1, 
plasma radiation to an acccptable level. Even so, the anode current had to be regularly 
checked when E B l  was operating at  high pressures and high microwave powers to ensure 
linearity of the PMT. For instance, our data recorded a t  100 kW of 28-GHz power were 
taken with just 450 V on the PMT SO that radiation observed during the IO-ms shuttcr 
exposure time did not saturate the P M l  when EB'I' was operated at pressures of up to 40 
ytorr of 142. 

I'hc essential pal t of the amplification in the detection system was a Hewlett-Packard, 
non-dc-coupled, l O O X  amplifier. This unit observed only signals between 1 kMz and 150 
MML and so did not amplify the constant-level, lO-ms, plasma background M, pulse. "The 
scattered signals were subsequently processed by a IOQ-MHz Transiac digitizer, in wlhicln 
consecutive shots could be stored and later averaged, thereby improving the signal statis- 
tics. 

Whenever the machine was run in D2, as opposed to Hz, there was a deleterious effect 
on the stray light level due to sputterirng of aluminurn from the walls. Cermtimeter-sized 
aluminum flakes were deposited in the viewing dump, partially blocked the 0.375-h-diarn 
microwave absorber, and coated the input quartz window. 

Our original aim of illuminating a l-cm3 volume in the center of EBT was dictated by 
the size of the quartz fiber bundles available for our use and by the minimum object dis- 
tance at which we could place the Suprasil collection lens so as to maximize the collection 
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angle. Ibweve~,  because of the 0.375-in.-diam by 6-in.-long microwave absorber at 
the entrance port, we bad to focus the laser beam to a beam waist just in front of the 
entrance window to minimize the stray Bight ~ r o ~ u ~ ~  as the beam passed through the 
microwave absorber. With t h i s  configuration, the spot size was ~ e ~ s u r e ~  as ;A. function of 
distance and gave a beam radius of 0.35 em at the center of E T. If the focusing lens was 
moved back in order to increase this central spot light level was observed to 
rise rapidly. Hence, we were irradiating only 5 lume imaged at the fibers, 
which ideally would have been matched. 

2.1.27.2 Dada analysis 

In analyzing the Ha fluorescence data, we made extensive use of Gohii's computations 
of the hydrogen level populations, which are based on a standard collisional-radiative 

saturating power level H, laser, i s  also computed in this model. Gohi1 and 
results for tokamak plasnaas with T, = 100 eV and 1 kcV an R ,  >. 5 x 18 '2  em - 3 .  

For conditions relevant to EBT (5 eV < 1', < 10 eV and 5 x 10" cm-3 *: ne > 3 x 
1 d 2  values of N ! ,  N : ,  N $ ,  and AN: ncc 
derive neutral density values from our CI, scattered signals. At present, the code does not 
include ~ e v ~ l - ~ o @ u ~ a t i ~ g  processes involving direct molecular hydrogen dissociation into 
excited levels. These processes are important in tokamak wall regions and in the EBT 
plasma, especially at low microwave powers, and could account for some of the Q ~ S ~ I - V X ~  

discrepancies among the various neutral density measurenients made on EBT. We Rope to 
incorporate the molecular populating processes more systematically in the future. Figures 
2.24 and 2.25 show our derived values of neutral density vs the absolute pressure (equal to 
twice the ion gage reading) when EBT-I was ope ting with 40 kW sf 18-GfJz microwave 
power. We plat results from the scattered 11, ta and from the background H, data 
taken at the same time. The background data give a mean density that is a factor of 2 to 3 
lower than the spatially resolved fluorescence data would indicate. These data were taken 
before the fire, when we had not done Rayleigh scattering, so the calibration was done by 
assuming the manufacturer's values for the transmission of the W, filter Q 
quantum efficiency of the PMT (6%)  and by measuring the gain of the P 
using a standard source. Also, the fiber bundle was measured to have a. transmission of 
55% and the microwave mesh an 85% t h r o u ~ h ~ ~ t ~  The fluorescence signal PN is given by 

The change in population sf the ?a = 3 level, AN;,  when irra 

Gohil provided the detaille 

with the fluorescence volume V, = 0.385 cm3, AQ = 7.2 X l o u 3  sr, A32 = 4.4 X 
lo7 s-', and the efficiency 17 = 1.3 X For a PMT gain (I; = 1.2 X IO4 and using 
a further l O O X  amplifier, the signal into the digitizer is given by 

v, = 1.21 x lo-' AN$ 
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(in volts). Thus, by measuring the fluorescence voltage signal we derive A N $ ,  from which, 
knowing ne and from I'homson scattering data, we can detemirne the neutral density 
from Gohii's computations. 

Figures 2.26 and 2.27 show the density mcas~,rements made when EBT-S was operat- 
ing at 100 kW of 28-GHz microwave power. Figure 2.26 shows the neutral atomic dcnsity 
measured by the H, fluorescence technique compared with the diagnostic neutral beam 
measurements, which include moleculai as well as atomic Geutrals, and the H a  spcxtrcr- 
scopic neutral density of R. K. Richards. The latter estimates the molecular contribiitioii to 
be one-third of the total density, regardless of plasma conditions. Figure 2.27 shows the 
same Ha fluorescence data c o r n p ~ e d  with just the atomic neutral density as determined by 
II, spectroscopy. Note that the abscissa of Fig. 2.2'7 is ion gage pressure and not absolute 
pressure as in Figs, 2.24- 2 26. For the 28-GHa data we had Raylcigli scattering data wit 
which to calibrate, 'I'he Rayleigh scattered signal RN is related to the fluorescencc signal 

FN by 
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where Nl, is the number of photons in the laser an is given by NL = ( 3 2  
with E the laser energy in joules. Since the laser i s  un arized, ~ n l y  N L / 2  ~~~t~~~ 
contribute to the Rayleigh scattered signal in the observed ection. Npq-, i$ the 
density of nitrogen at which the leigh scattered signal RN (minus stray light %awl) i s  
measured, and nR = 2.15 X 10 cm2 i s  the Rayfeigh scattering cross section at 
6563 A. We also had to take into amount the fact that the laser bandwidth was 2.5 
measured with a 1-in Czerny-Turner spectrograph with a 0,25-a r e § o ~ u ~ ~ o n ~  whereas the 
Doppler width for the 4-eV neutrals is only 1.1 A. 

2.1.28 Abstract of Monte Carlo Neutral Densify Calculations for EI.MO Bumpy ~ ~ g u s ~ ~  

W. A. Davis and R. J. Colchin 

The steady-state nature of the EBT plasma implies that the neutral density inside t 
plasma volume will determine the particle confinement time. This paper describe 
Carlo calculation of three-dimensional (3-D) atomic and molecular neutral dens 
in EBT. The calculation has been done using varirPus models for neutral source 
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launching schemes, for plasma profiles, and for plasma densities and temperatures. Calcu- 
lated results are compared with experimental observat;ions-principally spectroscopic 
measurements-both for guidance in normalization and for overall consistency checka. 
Implications of the predicted neutral profiles for the fast-ion decay measurement af neutr:; 
densities are also addressed. 

2.1.29 The Absolute Calibration of All 24 Ion Gages on EBT 

J. C. Glowienka 

The ion gages on EBT were calibrated absolutely to an accuracy of &lo% by means 
of a spinning rotor friction gage and a simple computer code. The ~ ~ c k g ~ o ~ ~ ~  cavity pres- 
sure is the most frequently changed experimental variable on EBT; yet, until recently, the 
absolute calibration had not been done. Absolute gage calibration was done in 1983 for a 
single ion gage on cavity El of EBT on which the neutral density diagnostic [the single- 
aperture reflex arc (SARA) diagnostic neutral beam system] had been mounted. Prior to 
absolute calibration, estimates of molecular gas density from the ion gage were lower, by a 
factor of 2 to 3, than estimates made from the neutral density diagnostic. 
calibration, the agreement between the two techniques was well within the error bass of 
k 10%. 

The motivation to calibrate the remaining gages came from what appeared to be 
aperiodic and puzzling changes in the known EBT operating w ~ ~ d o w  as a function of hack- 
ground pressure. T#e absolute calibration was extended to all the other gages by assuming 
that the EST vessel pressure was constant loroidally with no external gas feed. A dynamic 
test of this assumption was made by valving off all pumping and documenting, by means 
of a computer data acquisition system, the pressure rise as a function of time. The calibra- 
tion factors relative to the absolutely calibrated gage did not vary (to within the stated 
accuracy of & 10%) irrespective of the time during the pressure rise. 

With this calibration, in particular for gage S4 that controls the gas f l ~  into E 
the puzzling nature of the abrupt change in operating parameters became apparent. The 
changes were caused by technicians performing undocumented "leveling" of all ion gages 
prior to leak hunting. In this procedure. all pumping is valved off and the gages are 
adjusted to read the same. Fortunately, the absolute calibration of the El gage bad heen 
done before and after the leveling operations, with the result that the abrupt changes in 
operating space as monitored by gage 54 were directly related to the technicians' activities. 

In summary, all 24 vacuum gages on EBT have been and ean be repeatedly a ~ s o ~ ~ t e l ~  
calibrated to +_IO%. An apparent shift of EBT operating space has been explained by a 
gage decalibration procedure employed to aid leak hunting. 
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1 
qxzinmiciit for the EMT casnccpt. ?'he objcctives were to extend thc dats hssc far thc. con- 
cept, to resolve the mairi scientific and tcc cgy issucs and. thus, to provide a definitive 
answer to the yestior. of w k t h c r  the concept nierited continued devc?np~l~ent Responsibil- 
ity for i i ~ a ~ ~ e g : c , - ~ ~ i i i  of the EBT-P project was assigned by thc Ikpartrnent of Eilr<Tgy 
(1301,) to QRNL with the undcntanding that industry would havc a majoi role Project 
defmtinn studies w r c  pcrform-raed in '1979 by OXNT, and indcp en:ly by four industrial 
t e a m .  A refcre dcsign was tlicn selected ;hat included design features from all of the 

s. Follob h g  B cc>liipetitivc selection process, h f c h n n c ~ ~  Douglas "btionautks &Jk- 

choxli in Scpit>m"ucP 1?83 as the p~imary industrial par tk ipa~~t  to 
design and build the EBT-P in thc Oak Ridge Valley Industrisl Park. The baseline cost 
estimate N ~ S  $86 million for the device and $59 inlllim for i&td  technical support; 

compk+cd; and dctailec? dcsign started in 1982. 
IIo!~.%ver, because of budget constraints and a less favorable assezamcnt of physics perfor- 
lilarrce, 2 phascdcwc 3f project activities was initiated in May 1983 As part of the phase- 
 OWE e f f ~ t ~  thz t h e  9BT-? d~velcp~~lent  magnets :WYS to be @ompkted and t ~ t c d  to 

fy them for usc in thc Radio-Fsequerncy Test E.aci!ity (RFT9.) 3ci;ig constructed at 
ORNL. All ctkx technical support tasks and th- EBT-P design cfforl were bro-ugbt to an 
ordcrjy ha!t in 1983 

- 

schcduled comp1c?il\P W P S  September 1985. 
Fhc p h i n a r y  (Title 1) dcsign 

7.22  EET-?/RFW Mag~et  D ~ e l o ~ ~ ~ i ~ t  

'I he EB'T-P svperconductiasg magnet deve!ogmerrt program was a joint effort by 
ORNI,, MDAG: and Gencral Dynamics ConvRir Division (GP9/C) to create tht technical. 
bzsis for dctailcd design and fabrication of the EB'T'-P mirio: anzgnets As planncd, the 
program irncluded thrce developiiienk magnets, one of which was to bs  3 protctypc for the 
k.H'P-P device. 

FoBlov,ing zarstailmcr~t of the prsjcct, the EBT-P magnet dc*elop:ncnt effort was 
rcfscused to aim directly at completing and :esting the devclspme~t magnets for IPS;: io the 
M T k  (scr Sect 5.3.2) The test facility will iisc two of the ;;lagnets, and the third will be 
a spare. 

I wo-magnct tests of devrlop:wxt magilets D1 and D32 werc completed successfully in 

5.1 -1- at the condtacior and an aut-of-planc rnccbanical load cf '!3,@00 Ib on each magnet, 
ably hight.~ than the mechanic2I loading cxpectcd in WYTF service. Mea- 

s u r d  strains were in g o d  agreemeiit with predict;ons, and the magi&$ operated stably 
.rlironghout the tests The PCS\&S are encouraging with r c s p ~ t  to suitability of the: magnets 
far RFTE'; howcver, magnet D1 dcvcloped a small vacuiirn leak between the liquid bcliurn 
ilnd vacuirni r e p i i s  acd must bc repaired before use in RFTF. 

c 

April 1984 T ~ c  magnets W ~ I C  ~ ~ e s g i ~ ~ d  three t i ~ r i ~ s  to 1208 A, p ~ ~ d u c i n g  a peak fldd of 
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COI ncrs is minimize the toroidal effects and thus improve particle confinement, Bumpiness 
of the field provides the equilibrium and drift surfacc closure. Reactor projections for EBS 
show that it may be substantially smaller (a factor of 2 to 4) than past EBT designs. The 
continuing trend to smallce EBI' reactor systems is snmmarizcd in Fig 2.29. 

The undcrlying physical coqstsaint that has severely limited the performance of present 
experinicnts (EB $-S and Nagoya Bumpy 'Iorus) has been associated with poor sing!e- 
particle confinement; that is, large drift-orbit-induced losses, This results from toroidal 
effects inherent in these deviccc that rcsult in substantial direct particle losses, inefficient 
heating geometry, less-than-optimal ring formation, and asymmetric equipotential surfaces. 
Novel magnetic configurations have been studied in attempts to minimize the toroidal 
effects through innsvativc coil design and arrangement (as in the Andreoletti torus, known 
as EBTEC), through localizing the toroidal effects in regions of high magnetic field (as in 
EBS), or through hybridization of the bumpy torus and the stellarator [as in the twisted 
racetrack (TWT), ELMO Snakey Tonus, and others]. The EBS is particularly attractive 
because of its intrinsic desirability as a reactor configuration (Fig. 2.28) and its ability to 
resolve critical EBT issues for near-term investigation. 
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Fig. 2.29. Trend to s m k r  EBT reactor systems ~ ~ p ~ o ~ ~ e ~  by 
EBT-S. 

Detailed calculations in the areas of magnetics, transport, ~ ~ ~ ~ l i ~ r i ~ ~ ~  stability, and 
heating have yielded the following results: 

The configurations (EBS, TRT, EBTEC, etc.) with nearly concentric drift orbits and 
greatly reduced velacity-space loss regions have better use of magnetic volume, signifi- 
cantly reduced direct particle losses, more symmetric p ~ t e ~ t i a ~  surfaces, an 
microwave heating e f f ~ ~ i ~ ~ ~ y .  
In configurations with nearly ~ x ~ s y ~ ~ ~ ~ e t r i ~  fields ( high-beta, hat electron 
rings will be much more easily formed with reasona power, and the rings will 
be well centered, with little or none of the radial broadening that w u r s  in a conven- 
tional EBT. This should make it easier to form an average magnetic well and thus to 
have strong MNB stabilization at high toroidal a r e  plasma pressures and pressure gra- 
dients. 
In configurations with high-field corners (EBS), both the e ~ ~ ~ ~ i b r i ~ ~  surface shifts 
( f  - iMG3/*) and confin ent time (T - M;) improve with the global mirror ratio 

MG, which is defined as ,,(eorne~~)/B,~~(sides). In addition, Monte Carlo caleula- 
tions indicate an ~ r ~ ~ r - ~ ~ - ~ a ~ ~ ~ t u d e  increase in diffusion lifetimes associated with sym- 
metric potentials, which are expected in EBS. 
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f. ;LsS<ker-Planck calculaticns skow that configurations (such as EBS) in which the 
hcating zone i s  wdl separated fmm the dircct particle loss zone and in which thcrc i s  a 
large geometric separation be‘rurcelra the fuadamental and second-harmonic resonance 
surfaccs of ECH have anilch lower ECH-driven losses through unconfined orbits (5- to 
1 @-fold rcduction from EB1’) and muck higher heating efficiency. 

These improveanents in magnetics, confinemerat, heating, and egaiilibriurn lead to smaller 
reactor sizes. The EMS, along with several of the cdher new caarcepts, shows a reduction in 
size by a {actcar of 2 to 4, to a major radius of abcut 15 m, compared with values of 30 to 
63 in for earlier devices (Fig. 2.29). 

A 15-m-radius EBS configuration was evaluated asiwg the criteria established by the 
geneiic reactor study (see Chap. 1 1  of this report). The results suggest ‘that EBS can be 
developcd into an attractive reactor with a mass utliaation competitive with that of other 
attractive fusicn reactor candidates. 

23.2 

N. A. Uckan, C. L. Hcdrick, I). A. Speng, F. Uckan, E. A. Berry, L. W. Owen, 1)” K. Lee, 
W. E. Biyan, T. 9. McManamy, P. R.  Thompson,* an3 W. I.,.. Wright 

Abstract apb ELMO B m p y  Sq@:SPe33 

The ERS is formed by four h e a r  arrays ef simple magrictic mirrors linked by four 
high-field toroidal solenoids (corners) The EBS configuration offers a number of distinct 
advantages OVCF a cowvcntional ERT with respect to particle confinement, heating, trans- 
port, ring procllurtion, and stability. In EBS the particle drift orbits arc marly concentric 
for trapped mid passing particles. The velocity-space loss region for transitional particles 
(ncai thc boundary between trapped a d  passing ZQMS) at high energy is gjrcatly reduced, 
leading to improved volume utilization, significantly reduced dircct particle losses, and 
increased microwave hcating efficie y. The combination of nearly concentric particle drift 
crbits and small radial displacements in the high-field coincrs gives an order of magnitude 
redtictioil in neoclassical diffusive losses. Thc orbits of the deeply trapped partic!es (vll/v == 

0) anrd core plasma pressure surfaces (f dP/B contours) almost coincide and arc centered 
on the minor axis. Because there is no shift, hot electron rings will be exceedingly well cen- 
tered in EBS, FOP the same anisotropy (vr/vll) in EBS, there should be little or  one of 
the radial broadening of the ring that occurs iim E,:BT. This shsuM make it easier to form 
an average magnetic well in EBS than in EBT. Detailed calculations in thc areas of 
equilibrium aid stability indicate that equilibria exist (shifts are smaller in a square con- 
figuration than irn a torus), and the: stability limits (especially those associated with the 
corners) arc 110 more restrictive thac those studied for a conventional EBT. Conceptual 
design of the EBY, involving tFle anodification and rzconfiguratiow of the preseiit EBT 
facility, has bcen completcd. Reactor projections for EBS indicate the possibility of a sub- 
stantial rcductiun in reactor physical si7e (a factor of 2 to 3 )  as compared to past EBT 
desigris 

‘Engineering Division, Martin Marietta E0erg.j Systems, Inc. 



Two separate anid in ~ The first is associated 
with the small pr turbat i  errors and i s  caused by 
coil misalignments during ~ n s t ~ ~ ~ a ~ ~ ~ ~ ~  imperfect coil ~ i ~ ~ ~ ~ ~ ~ ,  proximity o f  magnetic 
materials, etc. The second i s  due to the magnetic field ripple in the high-field toroidal 
s ~ ~ ~ n ~ ~ ~ s  (cori~ers), which is ,  ~~~~~~~ by the finite number of e s k ~  In general, these two 
sources of asymnietsy i n t r r x h . ~  enhanced transport losses (in 
the system, ~~~~~~~~ they affect different classes of particles. midally passing (cisculat- 
ing) particles (vil/v - 1) are irifluenced by the field errors(;, and trap particles ( q / v  - 
0) in the corners are ~~~~~~~e~ by the ficld ripple. 

The EBS geometry consists of linear segments of simple mirrors that are ~ i ~ k ~ ~  by 
sections af ~ ~ ~ h - ~ ~ e ~ ~  toroidal solenoids, as shown in Fig. 2.30. The toroidal effec~s are 
localized in the corners. An ideal EBS has the same characteristics as an ideal EBT: a 
closed-field-line ~ o ~ ~ f ~ g ~ r a t ~ ~ ~  with zero ~ ~ ~ ~ , ~ ~ ~ ~ ~ n ~ ~  transform and no toroidal current. This 

ent field asymmetries exist in 
the magnetic fields known as 

arrangememt). 



2-50 

current-free qullibriam configuration is very sensitive to the system magnetic field asym- 
nietries (field errors). If these field eirors a r t  large enough, they can cause field hies to 
spiral out of the ccrd%wnent volunie (cnhanced losses), thus degrading confinement. 

We have estimated the maximum tolerable field error 6 B / B  and the corrcspsnding 
constraint on coil alignment. Nuimrical calculations of field errors due to single-roil 
misalignments indicatc that field line closure is most scnsitive to angular misalignments 
(30  and Aqb)” Errors in absolute spatial positions have very little (if any) effect. A 
misalignmen: of 10 in one coil oiimtation caiises an error SBJS -- whercas a 
misalignmen; sf I cm in onc coil location yields UIJB -- -10 -7. Statistical analysis 
of errors from N coils (where N N ,  -I- N,, with N ,  the number of coils in straight sec- 
tions and N ,  the nrxmber of coils in curved sections), assuming that errors in all N coil 
alignments are randomly distributed in a Gaussian fashion, is in reasonable agreement 
with the numerical calculations. We define a critical error field (6B/B),,i, such that if 
6O/B > (6B/B),,,, the Grift surfaces of toroidally passing particlcs bccome open. From the 
requirement of closed drift surfaces, wc find 6B/B < (6R/W),,,; - p / ( R , ) ,  where p is the 
Jmmor  radius and p / ( H , )  is the average magnetic radius of curvature around the torus. 
For an experirncntal-siLe device, the required (GB/B),,,, -- (1-3) X and for a reac- 
torlike device, (6S/B)c,i, 5 

Next wt; consider the effect of toroidal field ripple (due to the discrete coils in the 
high-field corners) on transport. In thc prcsence of ripple, there is a new class of so-called 
locally trapped particles in the corners, These particles oscillate (are trapped) in the field 
minimum (local magnetic well) between coils (those coils that produce the toroidal 
solenoid field in the corners) that are localized in the toroidal direction and experience a 
unidirectional toroidal drift that leads to the ripple-enhanced diffusion. Especially in the 
low collisionality ( v / Q )  regime, ripple-induced losses could lead to significant increases in 
diffusioii and thermal conductivity and may be the determining factor in transport of parti- 
c l c ~  and energy. We have calculated the enhancr,d transport coefficients associated with 
the ripple-induced drifts and cornpared them with the EBT neoclassical diffusion coeffi- 
cients to dctesniine the a!lowabk range for field ripple magnitude. For neoclassical losses 
to dominate (or for ripple losses to be negligible), ripple-induced losses from the toroidal 
solenoid sections should be smaller than the neoclassical losses from the straight sections. 
In simplest form, thc diffusion cocfficicrut associated with ripple is - d 3 J 2  vgv, where 

is the rippk a u d  depth, vd is the toroidal drift velocity, and v is the 90” collision fre- 
quency. The neoclassical diffusion coefficient (in the collisionless regime) for EBT i s  
1jNC -’ ~ ( v d / ~ ) * ,  where fi is the precessional diift frequency. For D’ < D ~ ‘ ,  we find 6 < 
( V / Q ) ~ / ~ .  For v / Q  -. 0.1, representative of existing experiments, the magnitude of the eip- 
ple well depth should be only a few percent to prevent ripple losses from domitiating. For 
very low collision frequencies ( v / Q  ---- 0.01, representative of reactorlike plasmas), 6 must 
be <0.5%. ‘I’hese estimates for ripple magnitude are somewhat pessimistic because we have 
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neglected (1)  the effect of poloidal variation in. ripple magnitude and (2) the influence of 
the ambipolar electric field, both of which play important roles. 

2.3.4 Magnetics Callculations for an EKS 

R. T. Santoro, N. A. Uckan, and R. J. Schmitt' 

Calculations have been carried out to determine the vacuum magnetic parameters, the 
forces, and the usefulness of trim coils in an EBS. A configuration with five mirror coils 
on each side and eight coils in each toroidal solenoid corner was studied, Favorable mag- 
netic fields are achieved in this device. An on-axis mirror ratio of 1.9, a global mirror ratio 
of 3.6, and excellent centering of plasma pressure contours are achieved. Particle losses are 
minimal (<S%). The magnetic forces acting between coils are comparable with those 
encountered in the EB'I'-T/S magnet configuration. Circular trim coils were found to be 
suitable for restoring hot electron ring locations that are displaced when the coil currents 
are varied to perform magnetic studies or to assess the effects of the global mirror ratis on 
EBS . 

"McDonnell Douglas Astronautics Company, St. Louis. 

2.3.5 

R. T. Santoro*, N. A. Uckan, J. M. Barnes,t and D. E. DriemeyerS 

Abstract of An EBT Reactor Systems Analysis and Cost Code: Description and 
User's Guide (Version 

An EBT reactor systems analysis and cost code that imcorporates the most recent 
advances in EBT physics has been written. The code determines a set of reactors that fall 
within an allowed operating window determined from the coupling of ring and Gore plasma 
properties and the self-consistent treatment of the coupled ring-core stability and power 
balance requirements. The essential elements of the systems analysis and cost c 
described, along with the calculational sequences leading to the specification of the reactor 
options and their associated costs. The input parameters, the constraints imposed upon 
them, and the operating range over which the code provides valid results are discussed. A 
sample problem and the interpretation of the results are also presented. 

*EI:gineetisag Physics and Mathematics Division. 
tCismputilng and Telecommunications Division, Martin Marietta Energy Systems, Inc. 

%&$eornell Douglas Astronautics Co., St. Louis. 
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3, ATOMIC PHYSICS AN 
DEVELOPMENT 

SUMMARY OF Aarvrrrm 

The activities within this program are divided between atomic collisions research and 
plasma diagnostics development. The majority of this research is smppnrted through the 
ORNL Fusion Program hut is carried out within the Physics Division, 

The experimental atomic collisions research focuses on inelastic processes that are 
important in determining the energy balance and impurity transport in high-temperature 
plasmas and in diagnostic measurements. This activity is not directed toward a particular 
fusion device but concentrates rather on developing a better basic u ~ d ~ r s t ~ n d i n g  of colli- 
sion processes involving highly ionized atoms at the relatively low kinetic energies that are 
characteristic of fusion plasmas. During the past year, the majority of this research has 
concerned inelastic collisions of multiply charged ions with both electrons and neutral 
atoms. Strong interaction with the theoretical atomic physics activities has guided the 
selection of experiments and has provided new challenges for theory. Significant progress 
has been made in our understanding of electron-impact ionization of ions and particularly 
of the important rele of indirect ionization mechanisms. The characterization of electron 
capture by partially stripped ions at low energies remains a difficult theoretical problem, 
and our experiments have provided a basis for the evaluation of various approximations. 
Experiments have continued to address the lower kinetic energies that are appropriate to 
the edge or scrapeoff plasma. A new electron cyclotron resonance source of low-energy, 
highly charged ions has been implemented during this period for atomic collision exgesi- 
ments. This facility has expanded our experimental capabilities to considerably more 
highly ionized systems than have been previously accessible to us. The ability to extend our 
measurements along isoelectronic and isoionic sequences will permit tests of various scaling 
laws and will challenge the limits of our understanding of atomic collision processes. The 
atomic physics group also operates the Controlled Fusion Atomic Data Center, which 
searches and categorizes publications on atomic collisions and prepares and distributes 
bibliographies and compilations of recommended atomic data to the fusion research com- 
munity. 

The plasma diagnostics program has concentrated on the development of optkally 
pumped, continuous-wave, far-infrared laser sys tems during the past year. In addition to 
density measurements via interferometry, Faraday rotation of the polarization of 
submillimeter-wavelength laser radiation has been developed as a probe of plasma mag- 
netic fields. Full simultaneous five-channel operation of the interferometer,/polarimeter sys- 
tem on the Impurity Study Experiment was achieved during the period. The diagnostic has 
routinely yielded time-dependent plasma density profiles from the multichordal inker- 
ferometric data and has demonstrated the potential for determining the spatial current dis- 
tribution in a tokamak from chordal magnetic field data. During this reporting period, a 
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study of the feasibility of pulsed COz lases Thornson scattering as a diagnostic for fusion- 
produccd alpha particles in ignited plasmas was completed, and work on the development 
of this diagnostic was initiated The Diagnostics Development Center has continued to 
identify and evaluate both the need and the potential for particular new plasma diagnostics 
and to participate in sclecting them and initiating their development in universities and 
industry. A subcontract was awarded to develop a diagnostic for the measurement of static 
and time-varying electric fields in plasmas. 

F. W. Meyer and J. W. Hale 

Construction and installation of the electron cyclotron resonance ( ECR) mnltickarged 
ion source was completed on schedule early in FY 1984. ?2lthough the ECR ion soisrce was 
designed for operation at 10.6 GHz, initial source testing was carried out at 2 45 GHz in 
order to gain experiencc in source operation before the 10.6-GH~ microwave amplifiei was 
delivered in June 1984. 

Dusirng the initial testing phase at 2.45 GHz, X-ray measurements of the brems- 
strahlung spectrum produced by the source provided evidence of ECR heating of electrons. 
A carihrated Si-Li X-ray detector indicated electron energies up to 15Q keV. Follswing 
construction and installation of the beam line and charge analyzer in March 1984, source 
performance could be assessed more directly by measuring charge-state distributions of 
extracted hearms. Even at the lower microwave frequency, fully stripped carbon beams were 
obtained; these were used to initiate the first planned experiment involving the new source, 
total cross-section measurements of electron capture by fully stripped light ions incident on 
atomic hydrogen. Operation of the source at i t s  design frequency of 10.6 GHL started on 
schedule in June 1984. Since that time, efforts toward source optimization have been car- 
ried out in parallel with the cross-section measurements. 

The salient features of the ECW ion source, shown in Fig. 3.1, are summarized in 
Table 3.1. The source consists of two stages and is quite similar in size to 
MINIMAHOS.* Thc first stage, which supplies plasma to the second stage to facilitate 
startup, is operated in overdense mock2 A helical slow-wave launcher3 is used to inject 
2.45-GHz microwaves into the first stage, which i s  located in an axial magnetic field of 5 
to 7 kG. Plasma density i s  controlled by the microwave power level and gas pressure, 
which varies in the rangs: from 1 0 - ~  to 1 0 - ~  torr. Since microwave absorption in the first 
stage is nonresonant, the magnetic field can be tuned to optimize second-stage perfor- 
mance. The second stagc is separated from the first stage by two stages of differential 
p ~ ~ p ~ n ~ ,  which is  sufficient to maintain low pressure ( low6 torr) in the second stage dur- 
ing source operation. 
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Table 3.1. OMNL EGR source par 

Microwaves 

First-stage 2.45-GHz power, W 

Second-stage 10.6-GHz power, W 
(300 w max) 

(2200 W max) 

Mirror ratio 
Ilexapole field at vacuuiii wall, T 
Fie!d in extraction plane, T 
Field in first stagc, T 
Total solenoid power, kW 

V~~~~~~ 
(operating condition) 

First-stage pressure, torr 
Second-stage pressure, torr 

Extraction, torr 
Beam line pressure, torr 

(1 x 10 - -7 - t~ r r  base) 

( 2  x IOP-toeir base) 

Solensid ID, cm 
Soleaoid OD, cm 
Iiexapole 119, cm 
Hexapole length, em 
Vacuum wall ID (second stage), cm 
Anode aperture, cm 
Extraction aperture, crn 
Extraction gap, crn 

50-200 

2&800 

1.6 
0.4 
0.45 
0.5-0.7 
60 

(1-6) x 10-6 
1 x 1 0 - ~  

2 x 10-8 

18 
48 
9.5 
33 
8.4 
0.5 
0.8 
2.6 

In the second stage, electrons confined in a minimum-B configuration arc: heated by 
resonant absorption of 1 0.6-GIdz microwaves that are injected radially immediately follow- 
iing the differential pumping section. The minimum-8 configuration is produced by the 
sup~rposition of an axial mirror field and a radial kexapole field. Three conventional 
water-cooled solenoids are used to establish the axial magnetic field,4 ‘8’he hexapole field is 
produced by a compact a ~ s e r n b l y ~ ~ ~  of SmCo5 permanent magnets positioned around the 
cylindrical vacuum wall of the secarnd stage. The germancnt magnet assembly i s  cooled by 
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water circulation through the voids create 
duodecagon defined by the place ent of the SnnCos bars. 

source divides into three sections, each of hick is separately ~~~~~r~~~ by, and can be 
rolled freely an, precision tracks. T coils are supported by a simi- 
lar track structure and can be naoved freely ahout to expose o t ~ e ~ ~ i s e  ~ ~ a ~ c ~ s s ~ ~ l e  SQUI*CC 

parts during source d ~ s ~ s s ~ ~ ~ ~ ~ ~  or to change the axial mirror ratio in the second sta 
while the source is fully assembled. 

elements of which can be biased ~ n ~ e ~ ~ d e ~ ~ k ~ ~  for ion fmusing an 
backstrearning. The positions of the anode and the ~~~~~~t~~~~ elect 
extraction gap itself can be varied by the use of shims. A-n electrostati 
operated in “accel” mode6 images the extracted beam canto the entrance 
90” magnetic charge ana 
assembly is located about 
tanccs for the 90” magnet are $0 cm. Retractable Faraday cu 
the entrance and exit slits are used to- measure total ext 
selected beam intensities, respectively, 0th entrance an 
independently adjustable ~ ~ ~ r ~ ~ o ~ ~ ~ l  and vertical slit jaws, 
sured. An electrostatic ~ ~ a ~ r u ~ ~ ~ ~ e  lens located downstrea 
transport the charge-selected beam to experiments requiri 

Before the 10.6-GHz microwave system was deli 
operated at an interim frequency of 2-45 GIJlz. In order to ~~~~~~~~~ roughly the same ratio 
of hexapole to axial magnetic field s ~ r e n g ~ ~  at the lower frequency, only 6 of the 12 
SmCos bars were used, reduciaag the strength of the ~ ~ e x a ~ ~ ~  by a factor of 2. An addi- 
tional 25% decrease in  hexapole 
maximum radius, determined by 

pour coupling between the second-stage plasma and the 2,4S-GHz ~~~~~~~~~~~ Due to 
their longer wavelength, only a few modes pro agated in thc ~~~~~~~~t~~~ cavity; micro- 
wave absorption seemed to occur ~ ~ ~ ~ ~ r e ~ t ~ ~ ~ l y  on the ~c~~~~~~ ~ ~ ~ e ~ ~ ~ o ~  side of the 
second stage, which is furthest removed from the ~~~~~~~~ region. Even in this mode, the 
high-charge-state capability at d the ORNL 
PIG ion source. Figure 3.2 
obtained at this frequency. ams up to fully strip 
( A) and up to H-like 

lation of the 10.6-GHz microwave system, in ker 
and mean charge state of the extracted beams. 
cally, as evidenced by very ‘low reflected power (typically less than I 
operation. Optimum charge-state distributions were obtained for a s 
ratio of about 1.6, significantly k l o w  the 2.1 mirror 
stage field coil separation. Figure 3.3 shows a rneasu 
for argon with the source operating at 10.6 GHz- ,4s 
ture of O2 was found to significantly increase the argon ~ ~ ~ ~ “ ~ ~ a ~ ~ ~ ~ ~ k ~ ~ ~  output of the 

b e t ~ e ~ ~  c ~ ~ ~ n ~ ~ ~ ~ ~ ~  vdcuulni wall and the 

In the mechanical design, e was taken to ensure ease of ~ s ~ e ~ ~ l y  and access. T 

rength was obtained by ~~~~~~~~ 

equate clearance to the $ ~ ~ ~ ~ o i ~  
Operation o C  the source at the lower frequency was far from 

ws a typical charge-state ~ ~ S ~ r i ~ ~ ~ i  

Laced at the lower fr  
Significant improvement in source performance was obtain 

of both total extracted beam ~ ~ t ~ ~ $ ~ t ~  
crowave ~ ~ s ~ r ~ ~ ~ ~ ~  increased dramati- 
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Ar ION CHARGE STATE 

source. Production of light-ion beams has yet to be optimized. So far, 13C, "N, "0, I9F, 
and 2 2 ~ e  beams have been obtained, with intensities varying from a few micmanaperes for 
charge states up to and including He-like ions, a b u t  0.1- 1 pA for W-like ions, and 
1-50 nA f ~ r  fully stripped ions. 

F. W. Meyer, C. C. Wavener, A. M. PPowalal, and W. A. Phaneuf 

Measurements of total electron-capture cross sections for fulfy stripped and H-like C ,  
W, 0, P, and Ne ions incident on H and M2 bave been performed in the energy range from 
0.2 to 10 keV/amu using ion beams produced by the new ECW multicharged ion source. 
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While straightforward experimentally, these measurements are of significant current 
interest from both a basic and an applied scientific perspective; they also provide a con- 
venient mechanism for exploring thc range of operating parameters and capabilities of the 
new source. 

The experiment employed the 0 NL atomic hydrogen gas target, a directly heated 
tungstcn tube in which molecular hydrogen is thermally dissociated, A collimation section 
preceding the target limited the magnetically charge-analyzed incident beam to a diver- 
gence of -+_ 1.7 mrad and a cross section of 1 mm inside the target. Immediately down- 
stream of the collision target cell, charge analysis curred in an electrostatic parallel-plate 
analyzer. A single channel electron multiplier (CE operated in pulse-counting rnode was 
employed for particle detection. The electron-captlare-signal and primary beams were 
measured alternately for a preselected number of cycles under computer control; the total 
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electron-capture cross sections were deduced from the fraction of ions that  capture an elec- 
tron at a known (calibrated) target thickness. 

Figure 3.4 shows typical experimental electron-capture cross-section results obtained 
for fully stripped and 11-like oxygen ions incident on atomic and molecular hydrogen. The  
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Fig. 3.4. Total electmi-capture cross sections 608 0" and 07+ 
incident on H axad H2 vs energy. Solid and open squares: present results; 
solid line: A 0  calculation by Fritsch and Lin (ref. 9); dashed line: MO 
calculation by Shipsey et a1 (icf I O ) ;  chain-dashed curve: multichannel 
Landau Zener calculation by Janev et al (ref. 12); data points without 
erioi bars measuremtaats by Pansv et a1 (ref. 13). Theoretical calcula- 
tions are for os+ + M collisions. 
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error bars shown reflect random uncertainty fin terms of reproducibility of the measure- 
ments at two standard deviations, Systcmatic uncertsliaiiies are estimated to be 9 9 %  for 
both the H and HZ cross sections. Present results are compared to theoretical pre- 
dictions' l 2  and to nieasurements of Panov et a1.13 

Tn the case of the fully stripped carbon, nitrogen, and oxygen projectiles incident on 
hydrogen, the present measurements can be compared to theoretical calculations. Very 
good agreement is found between the present results for C", N7+, and 0" incident on 
hydrogen and the close-coupling calculations of Fritsch and Ling employing a r n ~ d ~ ~ ~ ~ ~  
atomic-orbital (AO) expansion. While these results fall systematically b~low the A 
lations, the discrepancy is less than 20% at energies above 1.5 ke%l/amn and ap 
40% at the lowest energies measured. For c?+ and 0'' incident on hydrogen, close- 
coupling calculations by Green et d.'' and Shipsey et al.," respectively, employing a 
molecular-orbital ( M o )  expansion are also in reasonable accord with the present results. 
The MO results lie systematically above the A 0  calculations by about 10% above 
1.0 keV/amu and by as nauch as 40% at 0.2 keV/amu. 

An interesting comparison cay1 be made between the total electron-capture cross sec- 
tions for fully stripped projectiles of nuclear charge Z and those for Ed-like projectiles of 
nuclear charge 2 -t 1. It is observed that the cross sections for the pairs of ions C4' and 
N6+, N7+ and 07+, Os+ and I?'*, and F g f  and Ne" are nearly identical over the entire 
energy range covered, indicating that the projectile charge i s  the prime determinant of the 
total electron-capture cross section for these highly stripped systems. This finding is con- 
sistent with the theoretical results''~" that, for the fully stripped ions, electron capture 
occurs preferentially into high IZ level ( n  3 4). The presence of a tightly bound electron in 
the ionic core should have Q ~ Y  a minimal effect on the behavior of the electronic wave 
function of these highly excited states. The interesting uestion sf how niany electrons can 
be: added to the core before an effect is observed in ternis of the total electron-capture 
cross section will be addressed in  future experirncnts. 

C .  C .  Havener., W. F. Krause,* and R. A. Phaneuf 

~n ism-atom ~ e ~ ~ ~ d - ~ e a ~ ~ s  e x p e ~ ~ ~ ~ ~ n ~ 1 4  has been developed to measure the total 
electron-capture cross sections for collisions of rnultiehaxged ions with hydrogen at energies 

1-508 eV/aniu. Our aim is to extend to lower energies previous measurements 
NL using a pulsed laser source.15 At such Brsw energies, theoretical models 

remain essentially untested. In SQIW multiply ionized systems, an orbiting mechanism is 
przdictcd le, give very large electron-capture cross sections with a I /v velocity dependence. 

The Cil:-rent arrangement of the apparatus i s  shown in Fig. 3.5. A 2- to 5-kV, mass- 
analyzed bemi of 13- from a duoplasmatson ion source passes through the optical cavity 
of a 1.06-pm, N$.YAG laser, where up to 1 kW of circulating intracavity power is main- 
tained. Up tu 1% ~ ~ ~ t ~ d ~ t a ~ ~ ~ ~ ~ ~ ~  has been achieved, producing a collimated flux of up to 
2 X 10l2 H' per second. The undetached ti.-- beam is electrostatically separated from the 
neutrals and csllecte in a ~ i ~ f ~ r e n ~ i a ~ l ~  pumped bean dump. The apparatus has been 
operated on line using the ORNL PIG niulticharged ion source, which has produced a 
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highly collimated 2663-nA beam of N3+ at 30 keV. This N3+ beam has been successfully 
merged with the IP' beam in the 40-cm ~ ~ t ~ a ~ ~ ~ ~  vacuum merge path ( p  = 5 x 
IO-'' torr). A t ~ ~ - d ~ ~ e ~ s ~ o ~ a ~  scan of the spatial bcam overlap ;at one position in the 
merge path is generated by a cninrnercid rotat ing-wire beam profile monitor. Additional 
scans at different positions along the merged path must be made before the spatial overlap 
over the entire merged section can be accura . The ions are then magneti- 

, and the neutrals. Signals in 
the IT+ detector resulting from the beam-beam interaction have been observed above back- 
ground by  at^^^ both the N3 + and M0 heams, These beam-beam signals are only 
about 10 Hz, compared to 8 kE z due to the 14' being stripped on background gas and 
1 kHz due to photons emerging from the Nqf Faraday cup. 

Modifications that are under way are expected to significantly improve the signal-to- 
noise ratio. The gas load from the ~ ~ o ~ l a s ~ ~ a ~ r ~ ~  ion source will be further decoupled, 
reducing the pressure in the merge path, and therefore the $-kHz background signal due to 
stripping, by at least a factor of 2. The HS signal beam will ke focused and electrostati- 
cally deilected out of the plane of magnetic dispersion, ensuring detection of all of the sig- 
nal and eliminating the 1-kHz background due to photons produced in the rnulticharged 

ith this ~ e c ~ ~ ~ ~ ~ ~ n ~  of the M' detector from the photon background, only the 
N?' beam need be chopped to separate the signal from tbe background, thereby kalving 
the time required to acquire reasonable statistics. ithin a few months these modifications 
will be complete, and the apparatus will be ready for more definitive cross-section mea- 
surements. 

cally demerged, separating the 11' from the 

"Physics Division 

3.1.4 E ~ ~ ~ t ~ ~ ~ - I ~ ~ ~ ~ ~ ~  ~ ~ ~ ~ ~ a ~ ~ o i ~  of 

D. C .  Gregory and A. 

ehallis Ions: C P ,  cu3+, Ni3 + , SP+ 

The present study is part of our continuing effort to provide accurate cross-section 
data for metallic ions of interest in controlled t h e r i ~ o n u c ~ e ~ r  fusion research. 

Details Qf the electron-ion ed-beams apparatus have been p~bilished.'~.'~ Ion 
beams were obtained from the 0 PIC  ti ti charge^ ion source. AH measurements are 
independently absolute, and a typical absolute uncertainty at good confidence level 
(equivalent to two standard deviations for statistical uncertainties) near the peak cross sec- 
tion is 3- 8%. Typical relative uncertainties (due mainly to signal-counting statistics) are 
shown in the figures. 

The cross section for ionization of Cu2' (Fag. 3.6) is typical. of the measurements for 
copper and nickel reported here. The data are connpared to predictions of the three- 
parameter Lotz semiempirical formula** and distorted-wave calculations. l 9  The latter pro- 
vide a reasonable prediction for the single-ionization cross sections for c3u2', Cu3+, and 
Ni3'. In each case, the Lotz prediction for total ionization i s  somewhat higher than the 
measurement, even taking into account the expected effects of multiple ionization. At high 
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Fig. 3.6. Gleetmsa-impact ioiaieation of Cu' r .  The ciiclcs and squares present near- 
threshold data with ion beams having different metastable ion content. A typical absolute uncer- 
tainty at good confidence level is plotted near 200 eY. The theoretical predictions are from the 
three-parameter LotL formula for 3d ionization (dashed curve: ref. 18) and the distorted-wave 
calculations of Pindzola et al. (ref. 19). 

energies, the two calculations converge with the data in each case. In the Cu2+ measure- 
mcnh, a siggificant contribution to the cross section is observed below the ground-state 
ionization threshold due to the presence of metastable ions in the beam. In fact, signifi- 
cantly different metastable contents were observed from day to day, and near-threshold 
measurements for two ground-statelmetastable ratios arc plotted. In general, for ionization 
of Cu2 +, Cu3 ' , and Ni3+, wc conclude that distorted-wave direct ionization calculations 
give a reasonably accurate representation of single ionization. No large indirect ionization 
contributions are observed. The three-parameter I,ota formula, although not as reliable as 
distorted-wave calculations, is observed to be well within its predicted factor-of-2 accuracy 
in each case. 

In contrast to the preceding examples, electron-impact ioniLation of Sb3+ has a con- 
siderable contribution from iridircct effects (Fig. 3.7). The indirect ionization, coniributing 
up to 45 X 10 I s  cm2 to thc total cross section, i s  mainly due to non-dipole-allowed exci- 
tation of inner-shell electrons to autoionizing state$. The cross section for this type of tran- 
sition increases abruptly to a maximum at or just above its threshold energy but has a 
much faster falloff with increasing energy (u GC 1 / E )  than docs direct ionization (a cc 
In E,/E),  so that its signature is a "hump" sirpeeimposed on the direct cross-section curve. 
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Fig. 3.7. Electron-impact ionization of S '+. Typical relative uncertainties are plotted, 
and the absolute uncertainty at p o d  confidence level i s  shown near 100 eV. The dashed curve is 
from the Lotz formula for 4d and 5s ionization (ref. 18). 

This measurement was undertaken as a check of detailed distorted-wave, indirect- 
ionization calculations that predicted the observed feature.20 Good agreement is found with 
the calculations and predictions of that study, 

The examples discussed illustrate two goals of our current research efforts. First, 
selected measurements are made to provide specific data requested by the fusion commun- 
ity for electron-impact ionization of mu1 ticharged ions. Second, cooperative studies involv- 
ing experiment and detailed calculations provide our best means of understanding the 
relative importance of the many possible mechanisms that can lead to ionization by elec- 
tron impact. 

3.1.5 Single, ~~~~~e~ and Triple Electron-Impact Ionization of Xe6 + 

A. M. Howald, D. C. Gregory, D. €1. Crandall, and R. A. Phaneuf 

Electron-impact ionization of xenon ions has been studied previously at ORNL from 
several different perspectives. Experimentally, the ORNL PIG ion source and the 
electron-ion crossed-beams apparatus have been used to study single ionization of xenon 
ions from Xe2" to Xc6+ (ref. 21) and Sb3' (ref. 22), which is isoelectronic with Xe6+. 
The xenon isonuclear sequence and the In", Sb3 ', Xe6' isoelectronic sequence have also 
been studied theoretically,20>2' and comparisons have been made with experiment. 
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During the past year, electron-impact ionization of Xe" was studied from yet 
another point of view. Mcasurements were made of the cross sections foi double and triple 
ionization of this ion. The processes arc 

e -t xe6+ - x e 8 +  + 3e 

e + xe6+ - xe9+ - -  4e , 

and thc cross sections are deiioted by a68 and t ~ 5 9 7  respectively. 
The results of these measurements are shown in Figs. 3.8 and 3.9, with the previously 

measured cross section23 for single ionization of Xe6" (denoted by a67) shown in Fig. 3.10 
for comparison. The peak of a67 is roughly an order of magnitude larger than the pcak of 
(T68, which in turn is roughly an order of magnitude larger than the peak of U69. As 
expected, the successive ionization thresholds increase along this sequence. 

The dashed line in Fig. 3.10 is an estimate of the cross section for direst single ioniza- 
tion of Xe6+ from the semiempirical formula of Lotz. The actual cross section is much 
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Fig. 3.8, Double ioriizatjlosa of Xe6+ by electron i?wapnz?et. 'The dashed line is the Lotz formula 
estimate for direct single ionization of an inner-shell 48 or 4s electron. 
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Fig. 3.9. Triple ionization of Xes+ by electrorn impact. The dashed line is the Lotz formula 
estimate for direct single ionization of an inner-shell 3d electron. 

40 

30 

' 20 E! 

ORNL-DWG 82-t9529 
I l l  I l l  -1 

I 

100 200 500 1000 2000 

Fig. 3.10. Measured cross section for single ionization of Xe6+ by 
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larger as the result of ionization by mechanisms other than direct ionization, especially 
elect ron-impact excitation of an inner-shell electron followed by autoionization. 

Single direct ionization of an inner-shell electron of xe6+ can also lead to prodoction 
of xc8 ' or xc9+ if the xe7 + is produced in a multiply excited antoionizing level. For 
cxample, collision of an electron with Xc6' (4p64d'0Ss29 can remove an inner-shell 4p 
electron to form xe7+ (4p54d05s2), which can subsequently autoionize to form xe8+ 
(4p64dI0). A number of calculated ecergy levels of various ionization stages of xenon are 
show1 in Fig. 3.1 1, along with some autoionizing 

In Fig. 3.8 the dashed line is the sum of the Lote estimates for direct single ionkation 
of Xe6+ 4p and 4s electrons. The iesulthg Xe7+ ions are in autoionizing levels. Hence 
(assuming a brarnchinmg ratio near unity for autoionization vs radiative stabilization), this 
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gives an estimate of the d o ~ b l e ~ ~ o n i z ~ t i o n  cross section due to the process of single direct 
ionization followed by ~ ~ t ~ ~ o n ~ z a t i ~ ~ .  Similarly, the dashed line in Fig. 3.9 is the Lotz esti- 
mate for single direct removal of a 3d electron from %eSt. In this case the tcsult' 
exciled Xe7+ has sufficient potential energy to doubly autoionize to form Xe9 '-. 

The double-ionization cross section (Fig. 3.8) calculated for this mechanism is 
in magnitude to the measured cross section (within a factor of 2) but has a t ~ ~ % s h ~ ~ ~  valuc 
higher than the experimentally observed ionization onset. For triple 
the Lotz estimate of the cross section for the mechanism of single 
lowed by double autoionization also has the correct magnitude and has a pr~dietct 
threshold that is higher than observed. 

Other higher-order mechanisms iraust be responsible for the ob 
sections below 240 eV and 760 eV in Figs. 3.8 and 3.9, respectively. T e are at least four 
possibilities: direct multiple ionization; electron-impact excitation, followed by double or 
triple autoionization; direct single ionization, accompanied by the s i ~ u ~ t a n ~ ~ ~ s  excitation 
of a second electron; or multiple excitation in a single collision, followed by a u ~ o i o ~ ~ ~ a t ~ ~ ~ ~  
Direct multiple ionization of Xe6'- is expected from th ssical binary ~ n c ~ ~ ~ t ~ r  approxi- 
mation (BEA) model to be of negligible importance. other three processes have not 
been studied in detail and are not yet well understood. Our ~ ~ ~ e r ~ ~ ~ e ~ ~ ~ ~  results offer in- 
triguing evidence that ane or more of these processes can play a significant d e :  in 
electron-impact multiple ionization of multiply charged ions. 

3.1.6 New Electrqp-Ion Crossed-Beams Apparatus 

D. C .  Gregory and F. W. Meyer 

Since 1977, electron-impact ionization cross-section measurements haye heen cam- 
pleted at ORNL for some 44 different ions with initial charges ranging from ?+ through 
6 - t  and spanning the periodic table from boron to tantal~rn."? '~ These total cross-section 
measurements for single, double, and triple ionization have all used the 
source and crossed ion-electron beams a p p a ~ a t u s . ~ ~ , ~ ~  With the completion of the new 
ORNL ECR ion source, our capabilities for producing multieharged ion beams now extend 
to considerably higher ionization stages. Since some aspects of the existing apparatus are 
inadequate for operation with more highly charged ions, the experiment has been re- 
designed. 

Electrostatic separation of ion beams by charge state is dif€icult to achieve. I n  a 
crossed-beams ionization experiment, as little as 1 par1 in IO8 crosstalk between exit chan- 
nels produces an intolerable background level, and separation becomes ~ r ~ ~ r e $ § ~ v ~ ~ y  more 
difficult as the charge increases and the ratio of initial to final Gharge appr 
addition, low-noise electrostatic analyzers must usually be r n e c ~ a ~ ~ c ~ l ~ y  m 
charge ratio under study. To overcome both of these difficulties, a magnetic spectrometer 
is being constructed for product charge-state analysis. 

The modified apparatus is shown in Fig. 3.12. The ion beam optics and ultrahigh 
vacuum system will remain much the same as in the present artangenient through the 
interaction volume in the center of the electron gun. The combined beam, containing the 
primary ions and further ionized signal ions, then enters a double-focusing ~ ~ ~ l y ~ j n g  mag- 
net, which disperses the beam components by charge state. Signal ions are deflected 
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through 90" and focused into a CEM. The ion optics are designe so that the crossed- 
beams interaction region is imaged onto the signal detector with unit magnification, The 
primary ion beam is trapped in one 0f two movable, guarded Faraday cups, depending on 
the ratio of initial to final charge for that particular experiment. Deflection plates and 
einzel lenses are provided as diagnostic tools, both in the main interaction chamber and 
immediately before the signal ion detector. 

The apparatus is designed to allow measurements of initial-to-final charge-state ratios 
from 4/5 to 15/16, Initial tests of the completed apparatus are plmned for early 1985, 
The next phasc in the development of the crossed-beams apparatus will involve redesign or 
replacement of the existing magnetically confined electron gun to extend the available 
range for reliable: mcasurcments to electron energies greater than 1.5 keV. 

P. M. Griffin, C .  C. IIavener, and J. W. Johnson* 

A light source using bremsstrahlung and transitioii r a d i a t i ~ n ~ ' ? ~ ~  generated by 
kilmkctron-volt electron impact on metals is being investigated. This low- power, compact, 
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simple lamp has potential as a secondary-standard radiometric source for the soft X-ray 
(SXR) and extrerne ultraviolet (EUV) spectral region. Its spectral 'radiance is character- 
ized by a few easily measurable and controllable electrical, mechanical, and chemical 
parameters. 

'The essential elements of the lamp are the straight edge of an ohmically beateel, 
0, I2-mm-thick, tungsten cathode and a Rat metal anode. A well-define thin sheath sf 
kiloelectron-volt electrons is electrostatically drawn from the hot edge of the cathode 
located -0.18 nim from and perpendicular to the anode target. At the intersection of the 
flat sheath of impinging electrons and the flat anode, a 6-mm-long, narrow, luminous line 
i s  generated. 

An example of spectrometric measurements of radiation generated by the prototyp 
source is shown in Fig. 3.13. It should be noted that at each spectrometer setting, 
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Fig. 3.13, Spectrametric measurement of the SXR rod EUV light generated by 1. 
-keV electrons incident am a tantalum target in the prototype radiometric source. Dat 

a stepwise scan with a 2.2311, grazing-incidence spectrometer. The dispersed light was detected with 
a ZnO-TiO, ceramic CEM. The spectrometer entrance slit subtended a 0.005-sr solid angle at the 
source. 
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corresponding to a given value of mX,  several discrete portions of the output spectrum arc 
simultancocaly sampled The emissions from wavelength intervals (AmX/n) A wide, cen- 
t e i d  at  wavclengths (nz/n> A, contribute to the rnmsured signal at that setting. Relatively 
high spectral order numbers ti must be considered because, for high-Z metals, brerns- 
strahlang and transition radiation intensities vary as X and X-’, respectively. The 
number of spectral orders observed is limited hy the product of the short-wavelength 
cutoffs of the grating and detector efficiencies. The undulations in the data in Fig. 3.13 are 
accounted for in tcrms of the dropping-out rate of the highest integral spectral orders in 
proceeding to smaller values of mX. 

As this source is operated, bretnsstrdlrl-ung, generated as the penetrating electrons are 
decelcrateal or deflected be!ow the surface of the target, is the principal light-emitting 
mechanism for the contimum at wavcbcngths less than -450 A. Of particular interest is 
the lamp’s scalahk emission in the overlapping XXK and EUV spectral regions, as 
displayed in Fig. 3.14. ’l’he spectxmeter was set to simultancously sample the emissions 
from 7.5-, 3.8-, and 2 5-A intervals in the continuum obscrvcd ;t 90, 45, and 30 Ax, respec- 
tively. As expected, according to the theory of bremsstrahlung. the cclmbimd signals scale 
Yith clcctron current at four rcpresentative electron energies. The utility of this lamp as a 
practical standard is indicated by the fact that statistically acceptable data were obtained 
with only 10-s integration times and electron beam powers of only 2 to 15 W. 

At wavelengths longer than -450 A, transition radiation should be the dominant 
light-cmitting mechanism in the lamp. P$enornenslogically, this radiation is a consequence 
of thc collapsc of the dipole ficld, produced hy the approaching sllectron and its positive 
image charge in the ne:aHic target, as thc electron “transits” through the vacuum-target 
interface. l‘hc Fourier transfor:n of the resulting electromsgraetic pulse is a “white” fre- 
qiiency spcctrum. The, optical constants of whatever material exists at  the surface charac- 
terize this radiztion, rather than the bulk properties of the target. A reproducible surface, is 
self-maiiltained if the sotme is operated at  an adequate e!crtron-beam areall power dcnsity., 

Investigations of the transition radiation component of the lamp’s emission have been 
hampered by the overlapping of high spectral orders of shorter-wavelength brcmsstrahlung. 
Sdutions to this problem are being sought through the use of combinations of thin metal- 
foil spectial filters, which effect appropriate transmission “windows. ” 

An improved model of the source and vacuum system has been designed and built and 
should permit operation at elcctron eenergics greater thaii 10 keY. This will permit genera- 
tion of transition radiation of much longer wavelength. In addition, with the resulting 
greater electron pactration depths, the bremsstrahlung will be comgletePy a‘usorbt: 
it can emerge from within the target to proceed to the spectrometer. This technique will 
Fcrrnit, where applicable, less complicated procedures for studies of the transition radiation 
co1npoPlcnt of thc: lamp’s ernissiorms. 

‘p. L I ~ S I C S  . . Division. 
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ELECTRON CURRENT ( m A )  

3.2 ATOMIC TNEO 

3.2.1 Low-Energy Charge Exchange 

@. Bottcher and T. G. Heil 

We have continued our studies of electron capture from hydrogen atoms by highly 
stripped ions using expansions in one-electron molecular eigenstates and a f d l y  ¶~~~~~~ 
description of the nuclear When the adiabatic potential energy ~~~~~~~~~ an 
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coupling matrix elements have been calculated, we can solve the resulting coupled eqina- 
tions with some facility, using fully vectorized programs developed for the Cray-1 and 
Cray- 1 S. 

In the past year, we have moved 0x1 to study mom highly ionized projectiles, notably 
the 8 5 isoelectronic sequence. Some results on US+ and Ar8+ are shown in Fig. 3.1 5 .  We 
hope to study several members of this sequence with larger basis sets in order to make 
comparison with measurements in progress using the new ECR ion 

Since we now routinely include z- states in our basis sets, we bavc found a number of 
cases where cr-x couplings affect the charge capture cross section by more than 30%. Fig- 
uie 3.14 shows results for C4+ and 06+ projectiles. In the case of C4' the disagreement 
with e~perirnents'~.~~ appears to have worsened, a situation that merits further study. 

We are also pursuing the more hndarncntal objective of a very accurate calculation 
on B'.' --I- H, in which translation factors arc included by matching to moving orbitals on 
some boundary. This matching requires an expansion in about 40 molecular eigenstates, 
for which we have now assembled the coupling matrix eletncnts. 
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ottcher, U. C .  ~ ~ i ~ ~ ~ n ,  and 

tween 1980 and 1983 we developed a program package to calculate distorted-wave 
on cross sections with intermediate coupling wave functions based on a single con- 

figuration of Nartree-Fsck orbitals. The structure eigenvectors and radiative branching 
ionizing states) are obtained from the 1-0s Alarnos atomic structure package 

ave added codes to calculate irect ionization and dielectronic 
are still based on Hart orbitals for bound states and 

distorted waves for c o ~ ~ ~ ~ u ~ ~ ~  states, but they use ~ u r ~ t i ~ ~ ~ a v ~ ~ a ~ e d n  approxima- 
tions in the structure calculations. They are well sui urveys of, for e;catnple, isoelec- 
tronic sequences, and we can study in more detail individual cases in which ;I breakdown of 

At the same time, a major effort has been devoted to extending the excitation code to 
handle conEjlgusation-interaction wave functions that describe effects omitted by single- 
configuration Hartree-Fwck theory.. in particular, ~~~~~~)~~ between almost degenerate 

the a ~ ~ r s ~ ~ ~ ~ ~ ~ ~ ~ ~ s  is suspected. 
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confnguratiom in the Hartree-kock sea (reg., 3s 2 2  3p ,3y4,3p23d2) and pair excitations oiit of 

the sea (3d'0,3d*4f2). The process of chccking these new codes is almost complcte, and 
application to transition metal ions wil! be made i n  the near future. 

We have beerl able for semc time to pccform close-coupling calculations, but progress 
on thc complex targets we are interested in iiaq b c e ~  l~iridered by tlic lack of an efficient 
angular momentum algcbra package in other groups as well as O I ~ .  This defect has hcen 
remedied by adapting oui distorted-wave a1ge.l-8r;i package, and pilot calculations arc in 
progress. 

Particular applications of these codes are descrihed in Sects. 3.2.3-3.2 5.  

3.2 3 Direct aad ir 

M. S. Pinidzola. D. C. Griffin, and C. Betbchcr 

Durmg the past year we completed a survey of experirneatal and theoretical clectron- 
impact ionization cross sections foi tiansition mrtal ions in low stages of ionization. 1 he 
atomic ions Ti+, 1 i 2 L ,  ~ i ~ + ,  ~e ', FC*+ 9 - 3  F - ~ +  Ye4 ' , Ni', Ni2 I ,  Ni3i ,  Cu', Cu2 ' ,  and 
cu3 ' wzrc examioed using electron-ion crossed-txxms measurements and distorted-wavr 
theory. In  Fig. 3.1 / we compare a single-configuration, levcl-trb-?evel, distorted-wave calcu- 
lation with eqmiment  for Ti" (ref 13). The theory predicts a rapid change in the cross 
section for 30 to 35 e!', followed by a 10-eV plateau and then further jumps in the cross 
scctioa, aroiind 45 eV. On a smaller scale, the cxperimental meawrcrficnis follow thc same 
pattern. We believe that inclusion of configuration-interaction effects in the distorted-wave 
excitation calculations for -si2 will I O W ~  the cross section and thus improve the agree- 
ment betwceii theory and cxperirnent. In Fig 3.18, we presat  the resdts of a singie- 
configuration, level-to-level, distorted-wavc calculation for ~ e ~ +  (no experiment has yet 
been pcrformed in this case). From our survey work, we expect that the dotal cross-section 
rcsults and thc direct cross-scction rcsults will bracket experiment. In order for our piedic- 
tions to be a o r e  piccise, configuration-interaction effects in ve4 '  will need to be included 
not only in thc indirect excitation proems but ifi the Sircct ionization calculation as well. 

3.24 Dieleztrorsic l k o  

D. C. Griffin, M. 5. Pindzoh. and C. Bottcher 

We have appiied our recently developed distoited-wave cock for dielectrornic recombi- 
nation to calcdatc the crass sections associated eith the 2s-2p transition in the Td-like ions 
B2+,  C3 ', and OSL (rcf. 32). We have compared calculated cross sections to selected con- 
figurations of thc type 2pnl in pure L-S coupling. in intermcdiate coupling, and in a 
configuration-averaged approximation. The most precise (intermediate coupling) results 
tend to be 50% higher than 1,-S coupling but agree fairly we41 with cornfiguration-averaged 
results. 

The eaplariation can be see17 if we write the process, for example in B2', as 
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Fig. 3.17. Comparison of theory and experiment for ~ 1 e ~ t r o ~ ” ~ ~ ~ a c ~  

ionization of Ti2+. Dotted line: direct ionization; solid line: sum of direct 
and excitation-autoionization; open circles: measurements of ref. 19. 

In pure L-S coupling the total angular momentum E = I +- 1 = I‘, while in intermediate 
coupiing the spin-orbit interaction mixes L = I = I ’  k 1 .  The former states typically 
have autoionizing rates I O 3  to IO5  times the radiative rate, so that if the latter axe mixed 
to the extent of B part in IO3,  they will contribute equally to the cross section. 

The interpretation of experiments33 on dielectronic recombination i s  presently in a 
state of flux. However, we note that measurements seem to be much larger than early 
theoretical predictions suggested and that the effect of spin-orbit interactions and external 
fields is usually to enhanec the calculated cross section. 

The sensitivity of comparisons with experiment” to assumptions about experimental 
conditions is illustrated in Fig. 3.19, which shows the predicted cross section for B2+ as a 
function of experimental energy resolution and the variation with the field ionization 
cutoff. 
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line: direct ionization; solid line: sum of direct ioni~ation arid excitation- 
ionimtion. 

Effect of Electric Fields ow Dlelectrsssic Weco 

D. C. Griffin, M. S. Pindzola, and 43. Bsttcher 

Dielectronic recombination (DR) is particularly sensitive to the presence of external 
electric fields. Such fields can cause a redistribution of angular momentum among the 
doubly excited, resonant, Rydberg states that, in turn, increases the number of states for 
which the rate of rcsonaiit recombination i s  appreciable. We have just completed a sys- 
tematic study of the field enhancement of dielectronic recombination in the lithium and 
sodium isoelectronic sequences. In particular, we have applied the linear Stark approxima- 
tion to examine these field effects for the dielcctrowic recombination transitions associated 
with the 2s - 2p excitation in the Li-like ions B2+, @'+, Os'  , and Fez'+ and the 3s +. 

3p excitation in the Na-like ions Mg', S5+, @I6'-, and FcI5". 
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Although this technique does not allow determination of field mixing as a function of 
electric field strength, it does provide physical insight into the nature of field effects in 
dielectronic recombination and allows study of important trends irn the maximum field 
cnhancernent of the DR cross section as a function of ionization stage. We find that the 
magnitude of the field enhancement decreascs as we move up an isoelectronic sequence 
and i s  on the order of two or three i n  highly ionized systems. Furthermorc, we show that 
DR transitions through doubly excited states near threshold can produce large narrow 
peaks in the cross section at  low energies, which are especially prominent in high stages of 
ionization and are not affected by electric fields. A n  especially striking example of this 
effect is provided by the L)R cross section for FeZ3 ’ , shown in Fig. 3.20 as a function of 
electron energy. In this plot, the narrow resonances associated with recombination 
transitions through the doubly excited configurations 2pnl are convoluted with a 3.0-eV 
Gaussian to simulate an experimental electron energy spread. The field enhancement in the 
high-energy peak is approximately 2.3. The prominent low-energy peak is due to transi- 
tions through the rzsmant states for which the principal quantum of the Wydberg electron 
is n -= 12. 

ORNL- DWG 84 - I6180 

3.0 
.-. 

cu 
E 

W(-’ 

‘0 

c? 

r 

-=- 
v 

2 .o z 

t- o 
W 
cn 
cn 

IT 
o 

1.0 

0 
0 20 40 60 80 

ENERGY (eV) 
Fig. 3.20. Predicted dielectrcanic r ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~  cross ~~~~~~~ of 

~ e ’ ~ +  c s n v o ~ e d  i to a 3-eV Gaussian ellelctrnm energy ~ ~ $ ~ r ~ ~ ~ ~ ~ ~ ~ ~  The 
solid and dashed lines pertain to the cross sections with and without an 
external electric field. 



3-33 

Ibody, 5. c. Gregory, P. 

. Meyer, T. J. Mtargan, R. A. P 

. Griffin, G. C. Mavener, A. M. H o t d d ,  
I 1. Xirkpmick, c. K. 

and e. w. Thon135 

The data center coiitimm to maintain a current ~~~~~~~~~~~~ ~ i ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~  of atomic and 
molecular collision grcrcesses of interest in  fusion research. During the 24-year history of 
the data center, we have consistzntly heen one to two years be ind in enterling current 
references into our datd base. T is year: references h a w  been entescd directly into QUI 

computer file every three months, nd within a few wnonlhs we anticipate a ~ ~ o ~ ~ ~ l ~  input. 
A universal data storage and retrieval system, IN E, has been kqlernented by 

he ~ o ~ ~ ~ ~ t ~ ~ ~  and ~ e ~ c ~ o ~ ~ ~ ~ ~ ~ ~ a ~ ~ ~  artin Marietta Energy 
~ b ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  information can now be rctrie~ed on line using ten different 

search elemcnts. At pfesent, three outside users are expcr enting with retrieval using 
telecnmrnunicaliom lines to determine the ~ ~ a s ~ ~ ~ l i ~ ~  nf exten g the data base Io a larger 
group of outside users. Over the years, as computer technology has a d ~ a ~ ~ ~ ~ ~  we have used 
several ~ ~ f ~ e ~ e ~ ~  storage and retrieval programs, with the result that w e  are now able to 
conduct on-line searches only of referes1ces entese sirice 1978. Efforts arc being naade CD 
convert the various earlier ~ ~ ~ ~ i ~ ~ r a ~ ~ i ~  formats to one compatible with the INQUIRE 
format. 

Cooperative efforts have continued with the Atomic Data Center for 
Institute of Plasma Physics (IPP), Nagoya, %a an; the Atomic and Nucled 
of the Japan Atomic Energy Research Institute (JAERI), Tokai-rmura, Japan; and the 
International Atomic Energy Agency (MEA) At Sc Data Center, Vienna, Austria, Dur- 
ing this reporting period, an agreement was rea NE b ~ ~ l ~ ~ ~ ~ ~ ~ ~ ~  woul 
serve as the major input to these centers. OKNE will pr computer tapes every three 
months. Our staff continues to meet with and advi ta center staff on their 
activities. ’To increase the accuracy and efficiency of extracting numerical data from the 
literature, we have purchased a digitizer tablet and a small stand-alone computer with 
~ e ~ e c ~ ~ n ~ ~ ~ n i c a t i o ~ s  capabilities. The required software has been written and ~ ~ ~ ~ ~ m ~ ~ t ~ ~  
to perform the follow g steps: (1) digitize numerical data and store them on illoppy disk; 
(2) concatenate indiv ual data sets for a given process into one set for comparison and 
evaluation; (3 )  redigitize the recommended cross-section curve; (4) calculate ~ a ~ w e ~ l ~ ~ ~  
reaction rate coefficients from cross-section data; ( 5 )  provide a seven-parameter fit to sate 
coefficients as a function of temperature; and 6) prepare ~ o ~ ~ ~ ~ e ~ - ~ e n e r a l ~ ~  curves of 
recommended data and data tables for publication. Interfacing the center’s computer with 
the central PDP-IO permits steps 4 6 to be completed. 

During the present reporting period, a decision has been made to update and expand 
vols. 1 and 2 of the present compilation, Atomic Data 4k,r ~~~~~~~~~~~ Fusion (OMNL-5206 
and QRNL-5207), to a new series with five or more volumes. Previously, the compilations 
contained only graphs and data tables of recommended riurnerical data. Future volumes 
will add tables and graphs of reaction rate coefficients for interactions of beam- 
M a x ~ ~ ~ l ~ ~ n  or Maxwellian-Maxwellian distributions, Progress has been made on the first 
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volume, Heavy Particle Collisions, \vhich will be done in-housc. ,Can interagermcy agreement 
with J. Gallaghe; of the data center at thc Joint Institutc of Laboratory Astrophysics, 
Bouldei, Colo., has been i~i t ia ted to compile cross-section data for vol. 2, Electron Colli- 
sions. Reaction rate coefficient tables and graphs will be generated by the ORNL data 
center staff. Volume 3 of the series, Collisiorn of Atomic Pnxticles with Surfaces, has been 
completed and is now in the final stages of review before publication. Particle interaction 
with surfaces is still an inexact science and many of the :lata are qualitative. The fourth 
volume, Spectroscopic Dnto 4;or Iron, has been cornpilzd by W. Wnese and his colleagues at  
the National Bi.rrenu of Standards. We have received the eompilatioii, except foe one 
chapter on atomic energy levels, which awaits computer reformatting for compatibility 
prior to puhlicatiow. 'Work has beec initiated on vol. 5 ,  Collisions of Carbon and Oxygen 
Ions with Electrons, If, If2,  and Me, by R. A. Phaneiif of thc OKNL Data Center, R. K. 
Janev of the Institute of Physics-Belgrade, and M. S. Pindzola of Auburn IJniversity. Data 
have been compiled from the literature, digitized; and evaluated, and cross scctions have 
been recommmdcd for eleciron capturc by Cq' arc! 09"  ions from atomic hydrugen and 
helium. Tire anticipated completion date of these five volumes is December 1985. Addi- 
tional volumes are planned for collisions of otkcr impurity ions picsent in high-temperature 
fusion plasmas. 

3.4 PLASMA DIAGNsOS'l-BCS DEVELOPMENT 

3.4-1 

C. M. Ma, D. P. Hutchinson, and P. A, Staats 

M ~ l t i c i a ~ ~ ~ !  Po8arimetry Using F;arabay Wntotiow 

Simultancous measurements of electron density and Famelay rotation on all five chan- 
nels of the far-infrared (FIR) inteH~eronn.lctci/polahimeter system on thc Impurity Study 
Experiment (ISX-B) tokamak have been achieved. Thc achievement is due mainly to two 
major improvements to thc detectors a i d  the Faraday modulator of the previous system: 
( 1 ) the helium-cooled Putley detectors havc bcen replaced by high-responsivity Schottky 
diodes, and (2 )  a now1 technique is used to improve the performance of the polarization 
modulator. The use of the Schottky diodss in the present system has not only increased the 
detection sensitivity but also eliminated the need for a wire-grid analyzer for polarization 
determination. The previous Faraday modulator  sed an air-core coil, with a ferrite disk 
rnountcd in the center of the coil. The modulation frequency was limited to 3-5 kHz due 
to the high inductance and largc stray capacitance of the 600-turn coil. In the present sys- 
tem, the multiple-turn coil has been replaced by a single-tiirn copper cod, which acts as the 
secondary of a radio-frequency (rf) transformei. A modulation frequency of 92 kMz has 
been achieved by using a series-resonant circuit for the primary winding. The increase of 
the iiiodulation frequency has not only greatly improved the time resolutioii of the polarim- 
eter but also reduced the rf coupling between the modulator and the detection circuit. 

A schematic diagram of the modified inperferometel-/polarimeerr system is shown in 
Fig. 3.21. Briefly, the system consists of a yair of cw 447-,um iodorncthane lasers, optically 
pumped by separate COz lasers. The FIR cavities are tmed so that the two FIR lasers 
oscillate at  freqcencies differing by Af -- 1 MHz. Thc linearly pola~ized beam of the 
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Fig. 3.31. Schematic of the mnltichord FIR interferometer/polar~~~e~ system for ~limd- 
t a ~ e ~ t ~  ~ ~ s ~ r e ~ e ~ t s  of line-averaged electron density and Faraday r o t a t h  in an ISX-B 
tokamak plasma. 

source laser is passed through a ferrite polarization modulator and a mechanical polariza- 
tion rotator into the dielectric waveguide and is then divided into five beams that are pro- 
jected through the plasma. Emerging from the plasma chamber, each beam again enters a 
waveguide and is directed onto a signal detector, Part of the beam from the reference laser 
is mixed first in a reference detector with a portion of the source laser, which is split off 
before passage through the modulator, and the remainder is guided to the signal detector 
to mix with the plasma-probing beam. Schottky diodes are used for all detectors. The out- 
put of the reference detector is a sinusoid at frequency Af and is used as reference signal 
for phase detection. The output of each signal detector is filtered, amplified, and fed into a 
digital phase-detection circuit to extract the phase shift due to plasma density. An envelope 
detection circuit demodulates the phasemodulated signal and provides a sinusoidal signal 
at the modulation frequency with amplitude proportional to J,(Om)sin(8), where 0, i s  the 
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amplittadc of the modulation angle and e is the slim of the rotation angles due to the 
mechanical pol.irization rotator 6, arid the Faraday rotation in plasma Op; J,(O,) is the 
BcsseE function of the, first kind wit?? order one This signal is synchconmsly detected by a 
lock-in amplifier, yieldhg an output voltage VOut - V,siaa(S). The calibration constant Vo 
caii be obtained by setting the aechanical polarization rotator at a few degrees (d4") and 
measuring the value of V,,, without plasma in the chariiber. The voltage Vo as determined 
by this technique calibrates the polarimeter in a manner that does not require the absolute 
knowledge of lases power, detector rcsponsivity, modulation angle, or any system losses, 

'T'he system has bcen routinely employed to study ohmically heated and neutral- 
bcam-heated plasma discharges in ISX-B for over 3 year. Thc standard deviation of the 
output of tI?ie interferometer of a constant phase shift is less than 5 x 10 - 2  fringe. since 
one fringe corresponds to a line-averaged density of 9.2 X 10l2 e n -  3, density variations as 
small as 4.6 X 10" C I I - ~  can be measured. The polarimeter shows a sensitivity on the 
order of 1 m a d  and a time resolution of 1 ms, Figure 3.22 shows the time-resolved traces 
of (a) Faraday rotation and (b) line-averaged electron density of a typical tokamak plasma 
discharge. A neutral hydrogen beam of approximately 1 MW was injected into the plasma 
90 m s  after the initiation of the plasma discharge. The position of each channel, rclatiw to 
the center of the tckainak vacuum ~hainber, is indicated in the inset. The negative Fara- 
day rotation on the central channel (channel 2) is dix to thc outward shift of the plasma 
centroid. 'Ihe fast respoase of the system is demonstrated in Fig. 3.23. During this plasina 
discharge, a solid hydrcgen pellet was injected into the plasma at approximately 204 ins. 
The pellet causcd an abrupt density increase of -1.4 X l O I 3  and a chan~e  in Fara- 
day rotation of --0.15" on tkw central channel. The changes of density and Faraday rota- 
tion occtir during a period of approximately 408 ps, The time delay (4 ms) bctweera two 
curves i s  due to the resistance-capa@itance (R-C) constant of the lock-in amplifier (1 ms). 
It i s  believed that this is the first simultaneous measurement of electron density and Fara- 
day rotation in pellet-injectcd discharges. Data analysis codes are binder debrelopmsnt to 
reconstruct the asymmetric spatial. profiles of electron density a d  plasma current from the 
line-averaged chordal measurements. 

We have continued to support the implementation of the FIR diagnostics on the Texas 
Tokamak ('TEXT) at the University of Texas in Austin. T. Price has simultaneously mea- 
sured both density and Faraday rotation on aii six channels of the TEXT system. Although 
the systcn i s  not cornpletely calibrated, the Faraday signals have the proper polarity on all 
six channels and roughly the proper magnitude. 

C .  H. Ma has been engaged in deve!opment of the FIR polarimeter for the Tokamak 
Fusion Test Reactor (TFTR) at TPiinceton Plasma Physics Laboratory. Experiments have 
been conducted to determine the performance characteristics of the polarimeter. A signal- 
to-noise ratio of 211 dB has been achieved for a simulated Faraday rotation angle of 5" 
with 4 m W  of laser power, An analysis has also been carried out to identify some possible 
problems in the measurements and to establish the calibration procedure for the system, 
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Fig. 3.22. Time variation of (a) Faraday rotation and (b) iine- 
averaged electron density, measured by the multichord FIR 
interferometer/polarimeter system on ISX-3. 

3.4.2 Diagnostics Development Center 

C. F. Barnett, E. W. Thomas, K. 0. Legg, and P. Bakshi 

A collaborative effort has been initiated to determine the feasibility of measuring 
plasma edge turbulence and electric fields in magnetically confined plasmas. Fast-response 



3-35 

ORNI-DYG 84-2170 F E D  

I I T -1 1 7 1 0.5 

*- 

INJECTION OF A SOLID 
HYDROGEN PELLET 

0 -- x o  

QJ - 1  

- 2  

-3 

-4 

- 
n 

v 

- 5  u ......... I . . . l . .  
0 5 0  100 150 200 250 300 

TiMF (ms)  

Fig.  3.25. Typical display of ti e variatim of line electron den- 

~~~~1~~~~~~~~~~~ system The abrupt changes of the line den- 
sity aiid Faraday rotation are caused by the injection of a so!id hydrs- 
$ea pdet 204 ms after the beginning of the discharge. 

sity rand Faraday rotatkm signa! central ~~~~~~~ @d the FIB 

dicde arrays with M, filters have beera constructed to observe time correlations of H, cmis- 
sim from adjacent locations in the plasma edge, usiwag techniques developed by Zweben 
ct a1.34 The first series of measurements will establish the physical extent of coherent 
emission regions, both poloidally and toroidally. The second series will include the replace- 
iiaent of the H, filter with a monochromator. By imaging a poloidal strip of the plasma on 
a vertical entrance slit and placing the diode array in the vertical detector planc, we can 
determine the electric field from the Stark-broadened profiles or shifts of the H a  line. 
Since the conventional analysis of the Stark effect in plasmas i s  in terms of the static 
lIoltsmark field, it i s  necessary to inclede :he l ine shape and the shifts due to quasi-static 
and high-frequency fields. Modeling of the line shape for different magnitudes and fre- 
quencies for these field; has been completed. In addition, the analysis indicates that by 
dctermining the, plarization of the Mb h e  the direction of the driving electric field can be 

amplifiers, circuitry, and signal recording. Computer programs are being written for cross- 
correlation analysis. Initial tests will be perfarmed using a rapidly pulsed proton beam in 
1-12 gas, after which the apparatus will be I I - I Q V ~ ~  to TEXT. 

To measure the ion temperature in a high-temperature deuterium-deuterium (D-D) 
plasma, we havr proposed to make use of the oxygen total neutron CHOSS section, which has 
a deep resonance at about 2.35 MeV (ref. 35). At low plasma temperatures, the 2.45-MeV 

determineah. TWO eight-di e arrays have been fabricated and tested with their associated 
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-D neutron spectrum i s  narrow. A s  the plasma t ~ m ~ ~ a t ~ r e  increases, kinetic broadening 
increases the width of the neutron ~ ~ s ~ r ~ ~ ~ t ~ o n ~  with the low-energy tail spilling over into 

gen cell, the plasma ion temperature can be obtained if" the ions have a Maxwellian velo- 
city d i s t r ~ ~ u t i ~ ~ .  Preliminary c a ~ ~ u ~ a t ~ o ~ ~ ~ ~  had show the experiment to be feasible fop a 
2-keV plasma ion temperature using an available liqu oxygen cell. More precise calcula- 
tions by Alsrnillelr et for a global neutron source from a 6-keV D-D plasma indicated 
that the overall efficiency of the neutron detector at the rear of the a ~ s o r p t ~ o ~  cell would 
be 4 x IO-'' counts pc;r source neutron. This can be compared to a source strength on the 

10'' neukrons/s OB ~ ~ ~ r @ x ~ ~ a t e ~ ~  8.15 counts per discharge at the 
calculations are believed to be accurate to within ,2076, the tech- 

nique does not appear to be feasible. 
High-speed ~ ~ ~ ~ ~ " ~ ~ / s ~  framing camera studies have been completed on TEXT during 

stable and turbulent operation. Photographs were taken at three viewing ports: perpendicu- 
lar to the plasma at the limiter port, l o n ~ ~ t ~ ~ i ~ a ~  t he plasma viewing the inside of the 
toroidal limiter, and perpendicular to the plasma 1 from the limiter. Semiquarntitative 
data from the films were obtained by visual observation and frame-by-frame scanning with 
an optical densitometer, 'The observations are summarized as follows. 

the Oxygen reSQIMnCe. y measuring the a ~ ~ e ~ ~ ~ t ~ o n  of the neutrons through a liquid oxy- 

Striations or particle density channels were always present at the beginning or end o f  
the discharge and during- lurhulent operation. 

ring stable periods of operation, no fluctuations were observed. 
allation of macroparticles or molten pieces of metal was observed during the forma- 

ischarge, at disruption or with unstable Operation, and at the end of the 
discharge. 
Macroparticles were observed 180" from the limiter, apparently coming from the wall. 
Particles corning from the wall or limiter usually flowed in the direction of the plasma 
current, with a luminous plume extending in front of and behind the particles. 

0 

0 

A low-energy cesium neutral particle analyzer3* has been lent to the LJmiversity of 
Wisconsin to measure tokamak plasma ion temperature. In recalibrating the conversion 
and detection efficiency of thz analyzer, we found that the sensitivities of two of the chan- 
nel multipliers were a factor of 2 to 5 less than the other two. The electrostatic analyzer is 
being rebuilt and the multipliers are being replaced. These changes in calibration dlemon- 
strate the need for periodic recalibration of analyzers after several months of operation. 

3.4.3 Feasibiiity of Aipha Particle Diagnostics by COz Laser Thonson Scattering 

. ~ u t ~ ~ ~ n s ~ n ,  K. L. Vander Sluis, J. Sheffield,* and D. J. Sigmar* 

~~~~~~~~~~~ 

The behavior of alpha particles in an ignited fusion plasma is of considerable i 
tance in f ~ ~ s i o n  research, because it is the energy transferred to the deuterium-tri 
(D-T) plasma from the energetic alphas that will sustain the plasma temperature. Several 
methods have been proposed to measure the density and the velocity distribution of the 
alphas.39 Among the suggested techniques are the use of charge-exchange reactions of 
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the alphas with high-energy neutral diagnostic b e i ~ r n s , ~ ~ - ~ ~  the scattering of FIR 
radiat i~n,~ '  and the detection of alphas that escape from the plasma.""42 We have 
evaluated a method that uses the scattering of a high-power C02 laser by the Debye 
sphere of electrons associated with each alpha particle to determine both the density and 
the velocity distribution of these energetic fusion products. 

Scattered power s 

Tile incident radiation at the wave number E,- and frequency ai is scattered and 

Doppler shifted by electrons in the plasma to the scattered wave number and frequency 

The radiation of a particdar & and w, reaching the detector comes from a periodic dis- 

tribution of electrons in the plasma with wave number E-== & - and frequency 

cr)  = ws - mi. The ions are massive and scatter relatively little of the incident radiation. 
However, when > AD, the Bebye length, radiatioiv is scattered from the electrons 

that are a Debye shield on each ion. For the cossditiotis used in this diagnostic, the shift in 
frequency corresponds to the Doppler shift caused by the ion thermal speed v, = w / k i  and 
the electron thermal speed ve = w / k .  The scattered power P, in the frequency range 
w - 0) + d w  and solid angle d Q  from a length E, of the incident beam of electronrag- 

(3.2) 

L 

and it i s  assumed thzt the scattered frequency shift w << q. The electron and ion velocity 
distribution functions are f e ( u / k )  and f , ( w / k ) ,  respectively; r i  is the Thornson cross sec- 
tion, 7.95 X cm2; 12, is the electron density; Pi is the incident laser power; and Ge is 
the electron susceptibility. 

We assume that the: electron and bulk ion velocity distributions of the plasma are 
Maxwellian and that the bulk plasma is made up of isotopes of hydrogen ( Z  = 1). The 
high-energy spectrum of the alphas is assumed to be isotropically distributed in velocity 
space, and f,(v,) = const for v < v,o, the velocity of a 3.5-MeV alpha particle. Above v, 
the alpha distribution function i s  zero. Also, we ignore kinetic broadening of the alpha 
velocity distribution due to the finite energy of the interacting D-T ions. 

In order to determine the range of scattering angles and frequencies over which more 
detailed calculatioms shsm!d be performed, we first place simplifying constraints upon the 
scattered spectrum: ( 1 )  consider only phase velocities near o/k == v, and (2) pick a region 
where the alpha particle scattering and electron scattering are equal. Assuming a laser 
with a lO.6-pm wavelength, this correspnnds to a scattering angle 0 2 0.70". 'The signal 
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plasma as a function of scattered frequency shift, based on the geometry depicted in 
Fig. 3.2A1 is shown in Fig. 3.25. This calculation assumes a flat alpha particle velocity dis- 
tribir tim and indicates that alp~a-paPticle-IProdluced scattering is dominant over a range of 
scattered frequencies from 6 to 22 GIk. Figearc 3.26 depicts a calculation of the composite 
spectrum as a function of frequency (in watts of scattered power per imit frequency) for 
scattering frequencies 6f from 0.1 to 25 GHz about the line center of the incident laser for 
three simpllc velocity distributions. The distributions modeled are ( 1 )  fa(v) = l / v ,  (2 )  
f,(v) = const, and ( 3 )  f,(v) = v. The amplitude of thc distributions was normalized to 
the value n,/v, at vu, 'The first distribution, proportional to I /v ,  would represent a buildup 
of particks toward zero ~el~a; i ty ,  zsseaming little or no diffusion in real space; the second 
assiirrres a model based QII calculations of TFTR-likcM plasmas that predict a flat alpha 

ELECTRONS 
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Fig. 3.26. The scstter i f t d  f r q ~ e n ~ y  Sf is plot- 
ted for three simple ~~~~~~ particle ~ ~ s ~ r ~ ~ ~ ~ ~ ~ ~ ~  The alpha particle dis- 
tribution proportional to I / v  is rcpcesented by the open circles, t heAv)  
= constant distribution by the open squares, and the distribution pro- 
portional to v by the closed circles, The electron density assumed for 
these calcubtions i s  1.1. x 1 0 ' ~  cr11.~. 

velocity distribution; and the third ~ ~ ~ t ~ i b ~ ~ i o r ~ ,  p ~ o ~ ~ r t i o ~ ~ ~  to v, could result if alpha par- 
ticles were lost during the s ~ o ~ ~ ~ g - ~ o ~ ~ n  rocess. These distributions are not assumed to 
accurately model a true plasma case but were chosen to investigate the sensitivity of the 
proposed diagnostic technique to changes in the alpha particle velocity distribution. 
Figure 3.26 shows the scattered power plotted for scattering frequencies greater than 6 
GHz, the approximate frequency at which the scattering from the injected beam com- 
ponents goes to zero. The composite scattered pawer from the electrons is constant over 
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this range and has a value of approximately 1.05 X 10 '7 W/Mz. The llfportion of the 
scattcred spectrum from 10 to 20 GIIe is due ts averaging over thc window. The scattering 
from the alpha particles is two to three times the scattering from the electrons over this 
frequency range. 

Detecdiola system 

The scattered power from the alpha particles coveis the frequency range from 6 to 
~ 2 0  GIIL on either sidc of the 10.6-prn lint. of the C 0 2  laser, which has a center fre- 
quency of approximately 28,306 GHz. The frequency resolution required is too high to use 
a grating for dispersion, as in a conventional Thomson scattering measurement, and too 
small to use a Fahry-Perot interferometer. A h ,  the noise level of a liquid-nitrogen-cooled 
HgCdTc detector operating in the video mode is too high to allow measurement of this 
power level. If we assume a required frequency resolution of 6 GEIz, the video noise- 
cquivalent-power ( N E P ) ,  of this detector is on the order of 5 X lo-' W (ref. 45). In Fig. 
3.27 tihe bar graph shows the scattered power, integrated over a 6-GHz bandwidth, plotted 
as a function of the frequency of a number of channels centered on the frequencies 7 ,  11, 
1 'I, and 53 GHL from the center sf the laser line. {The reason for this channel selection is 
statcd later.) Thc power level observed by the dctectors varies from approximately 2 X 
l o p 9  W to 1 X lo-* W, resulting in a signal-to-noise ratio ( S I N )  o f  0.02 to 0.1. This 
( S I N )  is clearly unacceptable. By using these dctcctors as mixers in a heterodyne mode, 
the ( N E P ) ,  reduces to 1 X WJMz (ref. 45), resulting in a detector noise power of 
2 X W over a 6-GHe bandwidth. This detector noise level translates into an input 
signal-to-noise ratio ( S I N ) ,  of 3-16 for a 100-MW C02 laser. The postdetection signal-to- 
noise ratio ( S / N ) M  for a heterodyne receiver is primarily determined by the postdetection 
averaging time and the input detector bandwidth. Assuming that the signal is averaged 
over a laser pulse width of 1 ,us from a detector with a bandwidth of 6 GHz, (S/N)pd will 
be irnprovcd by a factor where B 7 predetcction bandwidth = 6 GHL and 
r laser pulsc width = B ps, 

......... ~ 

J-,r .Jr 1 = 77.5 , 
(S/N)i 

( S / N ) @  =.--(s/N)i + (3.3) 

SO that a system ( S I N )  of approximately 75  will be achieved. 
In order to convert the system to heterodyne detection, a series of C02 laser local 

oscillators must be found with frequencies that differ from the incident laser frequency by 
only a fcw gigahertz. A C02 rotational line spacirig of 53 GHz occurs in the vicinity of the 
highest-gain transition, the 1OP20 line. Fortunately, a number of cw lasers are available 
within the required frequency range. We have constructed lasers operating on the first 
sequence bands of C 0 2  and N 2 0  that produce powcr levels of sevcral watts, far more than 
the 1- to 2-mW local oscillator requirement of the IIgCdTe detectors.46 It is expected that 
other useful local oscillator frequencies will become available when isotopic C 0 2  lasers are 
considered. 
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Fig. 3.27. The scattered power integrated Over a 2-GMz bandwidth is plotted as a function 
of tbe shifted frequeacy of a number of channels centered on the frequencies 7, 11, aad 17 GHa 
from the center of the incident laser line. The channel at 53 GHz, which observes only the elec- 
trons, is shown as a dotted line. The l / v  distribution is represented by the bars slanted down to 
the right, the A v )  = constant distribution by the bars slanted up to the right, and the Av) == v 
distribution by the open bars. 

Testing and calibration 
A very interesting and attractive feature of the proposed alpha particle diagnostic is 

that a simpler scattering experiment may be conducted on a nonignited plasma device to 
determine the feasibility of the measurement. Referring to Fig. 3.26, since the scattered 
power due to the alpha particles is roughly equal to the small-angle Thomson scattering 
measurement ua' the electron scattering in the absence of alpha particles, the sensitivity of 
the diagnostic may be determined. I n  fact, since the electron density and temperature will 
be known from other diagnostics, an absolute calibration is possible. Also, because a detec- 
tor observing frequencies shifted 53 CHI., from line center will see only scattering from the 
electrons, even in a burning plasma with alphas present, the experiment will be self- 
calibrating for every measurement, 
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toroidal confinement theory are to un improve, and optimize the c ~ ~ ~ i ~ ~ ~ ~ n t  of 
plasmas for fusion reactors. To achiev oals, it is necessary to develop new theories 
and validate them with experiments, The approach is to i entify critical ~ ~ o ~ ~ & ~ ~ ~  and then 
to integrate the necessary plasma physics di lilles to solve them 
of research are ( 1 ) e q ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  s t a ~ ~ ~ ~ ~ ~ ,  a rbulence; (2) tran 
heating and current drive” These feed bas 
mnent o ~ t ~ r n ~ z a t ~ ~ n ,  (5) plasma ~ o ~ e ~ ~ ~ ~  
drive the primary ~ ~ ~ ~ i c a ~ ~ ~ ~  area, ( 4 )  experiment ~ ~ t ~ ~ ~ ~ ~ ~ a ~ ~ ~ ~ .  
internal collaboration while keeping a sharp focus 0x1 key issues. 
experimental groups, with university groups, and at the i r ~ ~ ~ ~ ~ ~ ~ i ~ ~ a l  level i s  strongly 
emphasized. 

improve confinement for the Advanced Toroidal Facility (ATF) 
flexible heliac concept; ~ ~ p ~ ~ v ~ ~  ~ n d ~ r s ~ a I ~ ~ ~ n ~  of c ~ ~ ~ ~ ~ ~ ~ ~ n ~  
Experiment (EX-B)  tokarnali; inaproved ~ ~ ~ ~ ~ s t ~ n ~ ~ ~ ~  0% electron c 
confinement in ELM 
ELMO Bumpy Squa 1; and successful a ~ ~ ~ ~ ~ ~ t ~ ~ n  of pellet models ta the Tokamak 
Fusion Test Reactor let ITI (DIHI) tokamak. 

This past year’ in imre detail in the sections on f ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l  
areas of research, Sects. 4.1, 4.2, and 4.3; in the sections on the ~ ~ t ~ g ~ ~ t i ~ ~  efforts, Sects. 
4.4, 4.5, and 4.6; and in the s t ~ t i o n  on ~ ~ ~ r j ~ ~ n t a l  ~ n t e ~ ~ r ~ ~ a t ~ o ~ ~  Seck. 4.7. Compwhing 
support activities are § u ~ ~ ~ r ~ ~ ~  

fforts, (4) eonfilme- 
cs, which in turn 

Key results in the last year i ~ c ~ u ~ ~  ~ e ~ ~ ~ ~ i ~ i ~ n s  of ways to increase flexibi 
evice; i n v e ~ ~ i o ~  of the 

The m a g n e t ~ h y ~ ~ o d y n ~ n ~ ~ c  ( rium, stability, and t ~ ~ ~ ~ ~ ~ n ~  effort is 
the behavior of characterized by the use of 

magnetically confined plas 
properties are analyzed, and calculations are ma 
and their consequences for particle and heat 
strongly interconnected levels. First, fundament 
using simplified geometry, t.:, unveil some of 
behavior. This work establishes a sound basis for t ~ ~ ~ ~ ~ ~ ~ c ~ ~  dp: 
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dci'rlcpmcilts are  ha^ appBkd to specific d ~ i c e s ,  piovldiiig the b ~ 4 ~  physics U ~ ~ ~ C X S ~ Z M I -  
ing a d  tools for confi-igimtion optimization and for plasma modeling. 

111 ttic aIea of cquili'uriurn theory, t'new techniques that provide for more efficient cal- 
r physics understanding were- dcvclopcd in tkc past ycas. A new stellara- 
cable :o planar, as we!1 as beliczl-axis. configurations was deve8oped It 

i Ekes  results that compare very favoraoly with three-dimensional (3-D) calculations. A 
id rcpraseniation foi 3-D inverse MMD equilibria was also dcvcloped; it posscsses 

superior mruergjei.,cc 2ioi)Citics in ii~ode ngmbeh space. Free bsllndaijr and 3-L) q u i -  
libiiuiil rslculations were made foi the Advamxd Toroidal Facility (A1 F) configuration to 
verify thc ca2stenuce of a flux-controlled path to high beta He!iac eqdibria were studied 
intei is ivdy . Zhc cquilibria W ~ X  cxamincd for scasiiivity to tlie preseilce of ncarby reso- 
nances. rhc possibility of improving c;quilibr;wn quality was iwestigztcd through ca!cula- 
tioris in which parameters such as aspect ratio, number of field periodq, arid toroidal 
ciirrcnt i a o d I . ~ k t t ~ ~ ~  weic varied. In addition, eyaPi!ibrmm calculations were made for the 
Kigli-dcta Q Machine (I1BQh.I) at the IJnivzrsity of Washington and for the 'Tokapo!e 
device at thc Urriversity of ?Vi asin. The calculations were made in collaboration with 
gi-orni,s at these Irniversities, who 

In tha area of lineor stability theory, the 3-D balloming mode cqttation syas extended 
to ticat resistive instabihk.s an3 anisotropic plasmas 1 he stability of A'TF to external 
rnsdcs was stairlied, and the instability 'uonxdarics bo be exglsred expcrimcntally were 
,napped Stability properti% of the optimized eqtiilibria for low-aspect-ratio toisstrons 
wcrc determined. The effcct of the toroidal field on the MHD stability of the Elcliotron-E 
(4 -r-:-n was stislpei'.. It was found that the: added toroidal. field makes thc rotational 
transfoiiii doss $3 the AT@ vacuum transform and raises the value of thc critical beta. 
hlsc, a study waa made of the effects of ioroidkity on resistive hstabilitics of reversed- 
k ! d  pinch (KIT*)  dcvices. The effects are very w w k  for tearing modes, but thcjj modify 
t k  g mode Ftabiiity properties. 

'4 combination .f analytic and computational work in the areas of nonliceae stability 
dicory and tui%ttle;nCe brought to light iivo ncw connections bctweer: MWD phenomena 
~ q d  znorna.lons transport. First, a ilew turhulewt stabilization mcchanism for rippling 
rmsdrs was discovered. This discovtry permits the development of an analytic theory that 

saturation levels for the fluctuations and the consqucnt diffiasioa coefficients. 
ration mcchanisin fcs tearing modes in WFP devices was uncovered. With this 

n~cchanism, the present theories of tokamak disruptions and of field reversal maintenance 
can be unified. 

The physics studies discussed above rcquire corstinual developmcni and evolution of 
efficient ccpdcs and na;mcrieal techniques In the past year, a t x w  3-e) equilibrium code, 
MOMCON, based on thc optimized Fourier representation of the eqnilihriuxn, waa 

The linea; FAR cock was adapted to treat stellamtors and RFP configurations, 
2nd 2 nodinear version was developed and tested. Several significant new csrnpiitational 
algorithms w e x  developvd. A zcro-raaricnt equilibrium algorithm was incorporated into the 
3-1) equilibrium codcs NEAR and ORME&. Implicit-explicit hybrid schemes that have 
iiicreasz 1 the efficiency of norilincar calculations were devclcped. Also, a fully implieit 
schcmc fm the full MWD linear c ; q ~ r a t i ~ ~ ~ s  was devised that i s  very stable, allows calsula- 
tions of modes that aIc not the most unstable ones, and reduces the computational time 
rnnsidcrably. 

using i h e x  for experirncntal cormparisom. 

- 
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The fdlgdwiag abstracts of work perfctmed in this effort are crganired by device type 
rather than by area because: many of kheiwi report csn work covering more than one area. 

rium and Ghbili 

1 A. Carreras, J. I.,. Cantrell, k. A. Charlton, W. A. Cooper, L. Garcia, J Fa. Harris, 
A. Holmes, J. A. 

and V, E, Lynch 

MD studies at 0 NL have mainly ~ o ~ ~ ~ ~ ~ ~ ~ t ~ ~  in two arcas: the ~ ~ ~ r o v ~ ~ ~ e ~ ~  
of the ~ ~ d ~ r s t a n ~ ~ ~ i ~  of high-beta torsat~ons through the concept of flux conservation and 
the study of helical-axis ~ o ~ ~ ~ g ~ r a t ~ ~ n s ~  Bn this paper we will describe the results obtained 
in both areas. 

beta. The concept of a ux-csnserving tokamak 
been a very useful one h e access to a high-beta egirne for tokamaks. It has 
also been aisefd as a n  ,:~pc:imental guide in achieving such a regime. The stellarator, 
being a steady-state device, will, in general, not follow the flux-conserving path in the sim- 
ple way that tokamaks do. After the fast healing process, which canservt..~ rlhsx, the rota- 
tional transform profile will evolve due to resistive 
beconie a Lero-current equilibrium. By changing the s 
evolution it is, in prii-rciple, possible to maintain the rotational transr"orm ~~~~~~~ while the 
equilibrium tends to the zero-current limit. We have investigated this for the particular 
case of the ATF device. In this case, using the vertical field (VF) coil system, an approxi- 
mate flux-conserving path to high beta can be followed. In Fig. 4.1, an approximate flux- 
conserving sequence of equilibria is shown. The figure shows that an increase in e l ~ i p t ~ ~ ~ t y  
and triangularity is required. The strong "bean" shaping of the flux surfaces is apparent. 
Following this equilibrium sequence, it i s  possible to acccss the second stability reginie 
even with broad pressure profiles, avoiding the free boundary instability found by Rewoldt 
and Johnson. These studies have been made using the stellarator expansion for the equi- 
librium and stability calculations. From the condition of zero current in each flux surface 

ffusion, and the equili 
e of the poloidai field 

the equilibrium equation, the following relations can be derived: 

H e x  3/ ,  is the vacuum-field-averaged poloidal flux function due to the helical fields only, 
and $0 is the poloidal flux function due to the vertical field system. The coordinates p ,  8 
are straight field line coordinates, and F* = -R2<(%$)2>/F. From thcse equations 
can be calculated by a multipolar expansion in 0 when the t profile is prescribed. For a 
given system of coils, at best, only an approximate solution can be obtained. The flexibility 
of the ATF V F  coil system permits such an approximate solution (Fig. 4.1). 
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11. Helical-axis 9: uratians. I n  the large-tispcct-iatio limit, stellarator configilra- 
tions with helical axes have attractive stability featuies. 'Io study such coiifigurations, thi: 
3-D code NEAR and a generalized averagiag methcd have been iised. l h e  averaged 
method is based on ail oideriiig similar to that of tireenc and Johils~ri7~ but the averaging is 
perforn;ed in a vacuum flux coordinate systcin. In  this coordinate system the averaging 
technique has a more direct physical inicqxetation thai? in ical spacz and provides, in a 
natural way, a trivial extension to helical-axis configurations. In  thk way the cq;dil.,rium 
problem is reduced to solving a two-dimensional (2-i)) Grad-Shafranov type t3f equation. 
By using the ordering, the lically varying part of the equilibrium rqiiatic;~ way be 
reduced io a Poisson-type eigiiatlon for the toroidal field fluctirations. By computing tlicsz 
helical corrections to thc averagc equilibi ium solution xve are ablr, to study coiifiglirations 
that have toroidally dominated qhifts but ~ i t h  s i ~ n i f i m n t  hrlicsl distortioiis (e.g., small- 
aspect-ratio heliacs). This method has been appj id  to the ATF helical-axis coa-tfigiiration 
and to heliac-type configurations. The restrlts of the cquilib1itlli-i calculation show good 
agreement with numerical rzszilts using 3-D eo (Figs. 4.2 and 4.3). 

€3. A. Carreras, J. L. Cantrcl!, I,. A. Chaclton, 1, Garcia, J. H. Harris, T. C. Hcndcs, 
H. R. Hicks. J. A. PIolmes, and V. E Lynch 

'ilie stellarator equilibrium and stability studies pi ted in this papcr &re focused on 
improving the understanding of high-beta toisatrons through the concept of flux control 
and the extension of thc stellarator expansion to helical- axis confiprations. 

i h e  torsatron VF coil system can bc programmed io control the rotational transform 
profile at high beta by modifying the plasma shapc while kceping the t at the magnetic 
axis fixed. This tcchnique is potentially veIy iiscful, bec~use if the external fields are not 
charrged as beta is incieascd, icrc-net current equilibrium sequexes show significant 
deformation of thc rotational transform paofile. L4 progressive elongation of t! e flux sur- 
faces with increasing beta i y  rcquirzd to makt;n,h constant to. 'fhe fli-ix-controlled equi- 
librium path also has the fzvorable property of reduced finite-bcia axis shift d a t i v e  to 

? 7  
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that of the fixed-configuration equilibrium sequencc. This decreasc can be understood as a 
consequence of a reduct ion ifi the Pfirsch-Schliiter currents with increasing elongation of 
the magnetic surfaces 

The stellaratoi e~pan?ion technique can be generalized to helical-axis configurations 
by performing the expansion in a vacuum flux coordinate system. To leading order, the 
averaged equilibrium equations yield a Grad-Shafranov-type equation for the average flux. 
Also to leading order, the toroidally varying part of the equilibrium equation reduces to a 
Poisson-type equation. In this way, the 3-D equilibrium problem has been reduced to two 
second-order equations. Good equilibria have becil found for the helical-axis ATF for cen- 
tral beta up to 10%. 

4.11.1.3 “Zero-CPBrreWif, High Beta; Stellarator E libria with Rotati 

B. h. Carreras, H. R. Hicks, J. A. Holmes, V. E. Lynch, and G. I - I .  Neilson* 

P Iigh-bLta, zcro-current equilibria for a stellarator device are calculated using the 
averaging method. It is found that, by shaping thc vertical field, the rotational transform 
cap he contiollcd in an approximate wzy as beta is increased. At the same time, the 
Pfirsch-Schliiter currents are reduced -with no modification of the magnetic well. This 
permits access to the high-beta regime with more favorable rotational transform profiles. 
Reserlts are presented for the ATF device. 

‘Confinement Projects Section. 

w. ‘4. Cooper 

The ballooning mode equation for 3-D toroidal configurations with anisotropic plasma 
pressure is derived from thc Kruskal-Oberinan energy principle. The Mercier criterion is 
evaluated for nonaxisymmetric systems with shear (stellarators). 

W. A. Cooper arid M. C. Depassier* 

A variety of plasma confinement configurations can bc very adequately modeled by 
assuming that the M H D  equilibrium properties satisfy helical symmetry. Using asymptotic 
expansion techniqiacs, we solve the helically symmetric equilibrium equation. Analogous 
solutions have been obtained previously only for axisymmetric devices. We calculate the 
plasnia beta value, the q profile, and the plasma current. We also discuss how flux- 
conserving and zero-current sequences can be obtained with this model. 

‘Pontificia Universidad Cat6lica de Chile, Santiago, Chile. 
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4.3.1.6 “Stability Calc~lati~ns for High- 

L. Garcia, 8. A. Carueras, L, A. Charlton, W. R. Hicks, and J. A. Holmes 

In a previous work w e  have studied stability properties of torsatrons using a reduced 
set of MFTD equations that includes the averaged effect of the exteriial magnetic field. 
Kovrizhnykh and Shchepetov obtain the averaged M D equationis without expansion Iia  

the inverse aspect ratio. We use this system of averaged equations to study stability 
properties of low-aspect-ratio torsatrons. The numerical code FAR has been 
include the averaged effect of the magnetic field. Keeping only the t e r m  wh 
the reduced set of equations, we get similar results for rncderate aspect ratio. 
the finite-aspect-ratio terms is, in general, stabilizing. 

4.3.1.7 u E ~ M ~ ~ i b r ~ u ~  Studies for Helical Axis st el la rat or^"^ 
T. C. Hender 

The equilibrium properties of helical-axis stellarators are studied with the 3-\cb N EAR 
code and an average meeho (2-D). For lhe helical-axis ATF, which has a t ~ r ~ ~ ~ ~ ~ ~ ~  dom- 
inated shift, the average method and NEAR code equiiibria agree well. The e q ~ ~ ~ i ~ K ~ ~ ~ ~ ~  
properties of a wide range of heliacs have also been studied. eliaes are typified by low 
shear and thus are very sensitive to resonant or nearly resonant ~ ~ r ~ u r ~ ~ t ~ o ~ s .  It i s  found 
that if the vacuum heliac configuration contains, or has nearby, low -or er rational sur- 
faces, theri gross distortions to equilibrium may result. ‘These effects are ~ a r t i c ~ ~ a ~ ~ y  pro- 
nounced at low aspect ratio, where the toroidal and helical shifts are weal coupled to the 
resonant or nearly resonant harmonics. Vacuum configurations which avoid Iow-order reso- 
nance~ have iniproved equilibria. Also, lowering the toroidal effects by increasing aspect 
ratio and number sf field pcriods ~ r ~ ~ o r t i o ~ ~ t ~ l y  improves: the ~q~~~~~~~~~ by reducing the 
coupling effects to resonant harmonics. 

4.1,11.8 uEquilibriu~ Studies for Helical Axis ~ t e ~ l a ~ ~ t o ~ ~ ~ ~  

T. C. FIender, J. I,. Cantrell, B. A. Carreras, J. €3. Harris, and J. A. Rome 

The equilibrium properties of helical-axis stellarator ~ ~ ~ ~ ~ g ~ ~ ~ a ~ ~ o ~ ~ ~  have been studied 
wit11 the 3-D NEA code and by an average thod. Two sequences heliac configura- 
tions with a given tio of number of field per s to aspect ratio have een studied. Heli- 
acs with a relatively small aspect ratio and nuaitser of Geld periods, which have a 
~ ~ r ~ ~ ~ a ~ ~ ~  dominated shift, are found to have a low ibrium beta limit. More favorable 
results are  found at larger a s p t ~ t  ratio and field . ‘The effects on the equilibria of 
~ o d u ~ a t ~ ~ ~ ~ ~  the currents i the toroidal field (TF) coils atid by win ing the TF coil axis as 
a geodesic on a torus axe 

An average method based on a vacuum flux coodinate system is presented. This aver- 
age method permits the study of helical-axis stellaratsrs with toroidally dominated shifts. 
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An ordeiing is introduced, and to lowest order the toroidally averaged equilibrium equa- 
tions are reduced io a Grad-Shafrannv equation. ,4lso to lowest os de^, a Poisson-type equa- 
tion is obtained for the toroidally varying corrections to the eqtdibrium By including these 
corrections, systems that are toroidally dominated, hut with significant hclical distortion to 
the equilibrium, may bc $tidied. Numerical solutions of the average method equations are 
shown to agrec well with 3-D calcdatioils. 

4,1.1.10 

T. C. Mender, E. A. Carreras, 1,. (iarcia, J. 11. Ilarris, J. A. Rome, J. I,. Cantrcll, 
and V. E. Lynch 

"Eqrdibrium S t t d i ~ k  its  PFelical Axis ~~~~~~~~~~~~~'~~ 

The eqllilibiium properlitx, of lmelkal-axi., stellarators are studied with a 3-D eqksi- 
librium code and with an averagc method (2-D). The helical-axis ATF is shown to havc a 
toroidally domirated cquilibriurn shift a i d  good equilibria up to at least 10% peak beta. 
Idow-aspect-ratio heliacs, with relatively large toroidal shifts, are shown to have Isw 
equilibrium beta limits ( -5%).  Increasing the aspect ratio a d  number of field periods 
proportionally is found to improve the equilibrium beta limit. Alternatively, increasing the 
iiumber of field periods a: fixed aspect ratio, which raises 5 and lowers the toroidal shift, 
improves the equilibrium beta limit. 

4.1.1.1 1 "The C h l ~ ~ l a t i ~ ~ ~  sf Steliarwtor Eq~iPib~ia i~ Vacua 
Coordia3ates"~ ' 

T. C. Hcnder, B. A. Carreras, E. Garcia, J. A. Rome, and V. b. Lynch 

Details are given of a 3-E, stellarator equilibrium code NEAR. This code uses a set of 
vacuum flux coordinates as an Eulerian basis for the equilibrium calculations. This coordi- 
nate system provides an ecsiioniical representation of the complex geometry associated 
with stellarators. Thc equilibrium equations are solved by an energy minimization tech- 
nique employing a conjugate gradient iteration scheme. The results of extensive numerical 
convergence studies are presented. Also, comparisons with existing codes arc made to 
benchmark thc NEAR code. 

4.1.1.12 T O R I  sf 3-%6 Momieu~ts and Finite Difference Ilrrverse IMHD 

S. P. Hirshman and J. T. Hogan 

To facilitate the development of 3-D plasma transport simulations, we have under- 
taken a comparative evaluation of the 33auer-Betancou~t-Cara~e~ian equilibrium code, 
which solves J X B - BP = 0 for nested magnetic; surfaces using finite differences, and 
the 3-D moments code (MOMS31)), which uses a Fourier cxpansion technique. The ver- 
sion of the Bahler-13etancourt-Ca~~~e~~an code we have used i:, that described in A Com- 
putational Method in Plasma Physics. The method uas jerlying the algorithm in the 
moments code is given by Hirshman and Whitson [Phys. Fluids 26, 3553-68 (198331. 
Several fixed-baundary configurations, including heliotron, ATF, and heliac, have been 
analyzed to assess the following cquilihrium properties. ( 1 )  convergence rates (with mesh 
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~ ~ ............. ~. . . . . . . . . . ~ 

Case Grid a r'r Grid A Ef 

ATF vacuum 30-l 0.192 6.62739 30-3 0.204 6.63299 
ATF beta 30-' 0.143 6.79159 30-3 0.417 6.79676 
Wendelstcin VITA 30 0.012 45.1148 30 0.01 1 45.11449 

4.1.1.16 "Free Boundary Stellarator Expmiism Mi411 Eqvilibrium zasd Stability 
CalCahatiDEi3"'6 

J. A. I1olmes, H. A. Carreras, 1,. A. Charlton, 11. R. Hick$? and Y. E. Lynch 

We study free boundary M I 4 3  equilibrium and stability of stcllarators using thc stel- 
larator expalision to reduce the equilibrium calculation to a 2-F3 one, Fixed bseniidary 
equilibria calculated using this model have been denasnstrated to be in good agieemcnt 
with 3-U equilibrium calculations. Stellarator expansion Mercier and low-n stalsijity calcu- 
lations have also been performed on a wide range of fixed boundaiy equilibria. 

To address the free boundary stability problem we use a version of the PIST code 
modified to inelude stellarator expansion terms.. Detailed comparisons bctween the results 
of the. fixed boundary and free boundary calculaticns will be presented. Tan particular, lnsirlg 
the fixed boundary approach, it has been shown that vertical field shaping i s  iinpoitarnt for 
accessing high-beta, net-current-free, stable configurations. It is ,  therefore, crucial to study 
the effect of vertical field shaping as a path to high beta using a free boundary equilibrium 
and stability model. Specific applications to the ATP; device will be presented. 

4.3.1.17 

J. '4. IIolrnes, B. A. Carrenas, 1,. A. Charlton, H, R. Hicks, and V. E. 1,ynch 

66SBel!33atoa E ~ p a ~ ~ l o n  StadRiies of a High §$eta T O F S B ~ J O ~ " ' ~  

I he YF coil system in ATF is shown to be sufficiently versatile to provide equilibrium 
paths to high bcia with favorable equilibrium and stability pwoperlies. In particular, using 
the stellarator expansion, it is shown that, through proper shaping of the magr?etic fields, 
flux-controlled paths to high beta can be found with the following characteristics: the 
rotational tiafisform profile deviations from the vacuum are small; the Pfirsch-Schlilter 
currents and magnetic axis shifts are seduced in comparison with those obtained at  similar 
beta using the vacuum VF coil currents; therc is no loss of magnetic well accompanyicg 
the reductions in Pfirscb-Schlutx ciirrcnts and magnetic axis shifts; and the stability of the 
flux-controllcd equilibria to global rirodes i s  enhanced by an improvcrnent in the relation- 
ship between the rotational transform and the magnetic well. Initial investigation of thc 
free boundary equilibiirim and stability of ATF also reveals stability to glstanl modes. 
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4.1.1.18 Y k ? e  

J. A. HToBmes, B. A. Carreras, E. A. C2mlton, and V. E. Lynch 

e have derived the resistive ~ ~ ~ ~ ~ ~ ~ n i ~ g  mode equation far systems having a cwrdi- 
nate of symmetry fmm the linearized incorn 
~~~~~~~~~o~ we consider the stability of an a 
equilibrium equation found by asymptotic an 
stability for aero-current and for 

e the ideal and resistive 

Bte schemes based on the rillet11 st descent havz recently heen used to 

obtain equilibria. Such schemes 
whose convergence rate can be i ~ ~ ~ ~ v ~ ~  through the use of 
tion of this nonlinear recursive t ~ c h ~ ~ i ~ ~ ~  to stiff systems is 
a ~ ~ o ~ i t ~ ~  i s  capable of yielding quadratic ~ o n v ~ ~ ~ ~ ~ ~ ~  and the 
tive alternative tu other quadratic c ~ ~ ~ v e ~ g ~ ~ ~  schemes ~ ~ ~ u ~ ~ ~ ~ g  ~ a c ~ ~ ~ a ~  ma 

ecause the damped MHD equations have eigenvalues with negative rea 

e E algorithm. The applica- 

stable. con- 
methods for 

eyartinent of Physics, Atlanta ?Jaivesaity, Atlanta. 
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4: 3 -2 r~~oEmmaks and Reversed-Field Piac~:k.s--Ahs;t~acts 

4.1.2.i 

B. A. CCprreras, T. C .  Mender, L. A. Charlton, J. A. Holmes 

~ r t p  Effects of Tomidicity on Resistive MHD Imitabilities in the RFB"~' 

- 
lhe  taxrbdencc gciiciated by resistive MIPD instakilitics in the REP has bcen 1inkc.d 

to transport and maintenance in the configimtion. To study the linear cffwts of toroid;- 
city, the FAR code has beeis ,ised. FAR solves thc licear ificompr&hle resistive MEID 
equations iri toroidal geometry wiih iio aspcct ratio assijmptiona Fmitc-beta numerical 
eqiiilibiia arc: i u s d  as inpiris for the computations. Foi the tearing mode it is found that 
toroidicity has little effect for aspect ratios grcater than 4 at L ~ : ' o  beta. For tighter aspcct 
ratios, the effects are stabilizing. For g modes, bccaus~ of thc finite-$cia equilibrium shift 
a d  differexcs iri the q pnofk, the effects of toroididy are significant ai slightly higher 
aspcct ratios, 

~ , I - x . ~  V U M ~  'T'oroidel ~an%rncm MHI) CailcaRBatictns ~ i t h s s l t  ~rderiwg ~ s s u m p t i ~ ~ s ~ ~ *  

L,. A. Chi l ton ,  i3 A. Carrcras, J J e  Garcia, J. A. Ilolifies, H. Et. Hicks, and V E. Eymc> 

Exp~rirnental rekiilts which i d i ca ted  that, at high bcaa power, thc internal kink 
mode could play an irnpoitant role in tohalnak discharges motivated, in ps si, linear calcu- 
lations irsing the incompressible approximation, since thc internal kink cannot be studied 
with the  reduced model. The iincar work not oiily used a forinalism which iclaxcd the 
ordering assllmpthijs uscd in the redriced equations but also usad highly efficleat implicit 
iiiimeaical techniqnes. 1 hes:: techniques also allowed modes which were not the most 
unstable to bc studied, lh is  work has now been extended i o  include the nonlinear terms. 
Compal ison avitli o t h a  n m l  :mar codes and additimal results will be presented. 

- 

4,5.2 3 

L. h. Charlton, B A. Caneras, 51. R. Hicks, J. 4. Ilolme~., and V. 6. Lynch 

~"ncnmpressible MND Modes in Tasasidwl GeOrnetry''23 

The use of a aonlinnear resistive MH13 model valid in the large-aspect-ratk limit has 
been successful in interpreting low-frequency MHD activity in high-beta tokamak plasmas 
with low-power injcction. Reccnt experimental ressm?ts indicatc that at high injection pawer 
the internal kink made could play an important role. Since this instability cannot be 
studied with the  reduced MWD model, a study was conducted using the full MIlD equa- 
tions in the incompressible limit. The comyutcr code FAR was constructed using thesc 
equations. :\ sequence of equilibria with differing beta values was studied for stability to 
linear ti - 1 modes At low beta, the usual tearing modes of the iedtlced theory are visi- 
blc At intermediate betas (1% d BO 6 15%, where Po i s  the value of beta at the magnetic 
axis) thc anticipated ideal internal kink inodes are seen. Ideal internal Rink mcans (1 )  the 
mode structure is identical. to the classical kink but is confined imide the q A 1.0 surface 
and (2) the structure of the mode is basically unchanged w the resistivity is taken to 
zero. At values of above 1596, resialts identical to those from thc reduced equations are 
iccavered when niodes with a iesistivc ballooning structure are uastable. The existerce of a 
region at high PO where any SeBeterisvs effects due to the ideal internal kink may be 
avoided confirms results foiintl. using an analytic theory and results from an ideal study. 
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odes with higher toroidal wave number are now being investigated. Details of the above 
and ~ a ~ ~ u ~ a t i ~ ~ a ~  methods will be presented. 

culatisns in Toroidal Geometry wid Full MHD Equationsn24 

L. A. Chztrlton, R. A. Garreras, J. A. Holmes, 14. R. Hicks, and Y. E. Lynch 

An incompressible, fully toroidal formalism has been developed which uses the full 
MEID equations, This formalism has been used to construct a computer code which uses 
an implicit algorithm to time-advance the ~ ~ k ~ ~ o w n  quantities. The algorithm is shown to 
allow extremely rapid convergence (usually in one time step) and can be used to study 
modes which are not the most unstable. Calculations have been done for n = 1 tokamak 
modes which show a second stability region for the ideal internal kink mode, 

orce Effects from Toroidal Rotation on Incompressible Resistive 

w. A. Cooper 

The incompressible resistive ballooning mode equation that retains the effects of the 
centrifugal force due to toroidal plasma rotation is derived. In the small rotation velocity 
limit, the static results are recovered. For large rotation velocity, the mode scales linearly 
with resistivity and is driven by the interaction of the curvature and the centrifugal force 
with the radial pressure and mass density gradients, respectively. 

“Resistive ~ a ~ ~ ~ ~ ~ i ~ ~  ades in ~ Q r o i ~ a ~ ~ y  Rotating Tokamak Plasmas”26 

w. A. cOo$KX 

A ballooning mode equation is derived from the linearized incompressible resistive 
MI-XD equations employing the eikonal representation. To obtain this equation, we ignore 
the velocity-shear-driven, Kelvin-Helmholtz instabilities but retain the centrifugal force as 
a source of energy. The resulting second-order ordinary differential equation is applicable 
to arbitrary axisymnietric toroidal geometry. We analyze the large-aspect-ratio limit with 
model circular flux surface equilibria and use the two-length scale expansion in the 
electrostatic a ~ ~ r o x ~ ~ a t ~ o n  to describe the modes. For small rotation velocity, we recover 
the static plasma result: the growth rate y is proportional to 77’/3 (TJ - resistivity). When 
the toroidal rotation frequency exceeds the growth rate, y scales linearly with r). The 
modes are driven by the interaction of the pressure and mass density gradients normal to 
the flux surface with the geodesic components of the curvature and the centrifugal force, 
respectively. 

4.1.2.7 

W. A. Cooper and S. P. Wirshrnan 

It has been previously conjectured that the Fourier spectra of the cylindrical coordi- 
nates ( R , Z )  describing MHD equilibria (inverse mapping) can be significantly compressed 

~ ~ M p p ~ e s s ~ Q n  of Spectral Pollution by Angle Renorrnalizati~n”~~ 
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by an appopriate clluicc for the polridal angle 8. By considering mappings of the farm #* 
- 9 + A(#,q$), where X is a periodic function of (e,@) and 8* is the poloidail flux coordinate 

for which S . v ~ * / B  . ~4 - l ( p ) ,  the respective spectra in the O* and 8 representations 
can be related by a formula corresponding to spa;Ial frequency modulation of Re and Zg, 
with a modulation index equal to A. Thus, for hl - 1, broadening (pollution) of the 9* 
spectra occurs. Examples which depict t 'x  spectral cffects of  increasing beta (plasma shift) 
and shaping of the plasma boundary are conside~ed. In two dimensions, the diagnostic 

a(~'/')/ae, = o i s   use,^ to check our resicilts, 

A theory of magnetic fluctuations, field reversal maintenaacc (dynamo activity), and 
anomalous thermal transport in the RFP is proposed. Nonlineai generation of the coupling 
to ni > 2 modes Is advanced as an 1% = 1 tearing mode saturation mechanism. The 
mechaaism by ~ h i c h  noiiliiiear in --_- 1 modes sustain the toroidal magnctic field is zlmci- 
dated. The predicted fluctuation levels are consistent with those required for maintaining 
the 8, configuratioii. I k a t  transport is estimated using stochastic magnetic field diffusion 
argumeiits. 

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

4 . ~ ~ 9  Y Y W ~ ~  of Re~~%gi&liPy-d;ras8lie~t-PBrive8s ~ ~ ~ ~ ~ ~ ~ ~ c @ 2 9  

I,. Garcia, B. A. Carreras, P. El. Diamond, and J. D. Callen 

A theory of the nonlinear evolution and saturation of resistivity-driven turbulence, 
which evolves from lincar rippling instabilities, is presented. The nonlinear saturation 
mechanism is isle-: ificd both. analytically and numerically. Saturation OCCUFS when the tur- 
bulent diffusion of the resistivity i s  large enough so that dissipation due. to parallel electron 
thermal conduction balances the nonlinearly modified, resistivity-gradiene-driving term. 
The levels of potential, resistivity, and density fluctuations at saturation arc: calculated. A 
combination of computational modeling and analytic treatment is used in this investigation. 

L. Garcia, B. A. Carreras, and H. R. IIicks 

It has been shown that corrections of Braginskii fluid equations of order w / v ,  intro- 
duce a new term in the Olim's law proportional to the time derivative of the thermal force, 
This term czn produce an instability driven by the frec energy stored in the electron tem- 
perature gradient. The inodes are strongly localized around the singular surface and could 
be identified as microtearing. We have calculated the linear stability properties of these 
modm in cylindrical and slab geometry, aiid they comparc favorably with the analytical 
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dispersion relation. We are presently investigating the nonlinear saturation in the single- 
helicity approximation as a first step to study nonlinear interaction of m 
helicities and breaking of magnetic surfaces. 

4.1.2.1 1 

H. R. Hicks, B. A. Carreras, L. Garcia, and .J. A. Holmes 

The Relia~ili ty of Initial Value M H D  Calculations of Tokamak ~ j ~ r ~ ~ ~ ~ ~ ~ ~ 3 ~  

We have proposed the nonlinear coupling of resistive tearing modes as the mechanism 
for some tokamak disruptions. This is based primarily on initial-value resistive MHD cal- 
culations performed with a finite-difference grid in minor radius and Fourier series expan- 
sion in the poloidal and toroidal angles. The calculations show that, for certain q ~~~~~~~~, 
the nonlinear interaction of tearing modes of different helicities leads to the rapid destabil- 
ization of other modes. The resulting effects and the time scale are consistent with the 
tokamak disruption. 

Recently Eastwood and Hopcraft have disputed this basic numerical result. Using a 
copy of our code (RSF) they claim to have shown that %mericaX effects play a signifi- 
cant role. Computational results based on RSF and related codes must be regarded as 
suspect until independently confirmed.” However, it is shown here that it is their result 
that is incorrect, because even though the true solution enters a turbulent phase, they use 
only 11 Fourier modes to represent 2 space dimensions. The Il-mode result is qualitatively 
different from results obtained with more modes, and one cannot derive from it conclusions 
about the reliability of numerically converged results. Moreover, the energy conservation 
test, as performed by Eastwood and Hopcraft, is neither a necessary nor a sufficient condi- 
tion for convergence. 

We go beyond refuting their specific claim, however, and consider each source of 
numerical error in turn. It has been widely recognized that this type of calculation pushes 
the numerical techniques near their limits. Therefore we (and other authors) have been 
especially careful to verify that the resulls are reliable by routinely carrying out tests that 
refute the conclusions of Eastwood and Hopcraft. In addition to convergence studies, the 
same results are produced with four different integration schemes that include both mostly 
implicit and mostly explicit schemes, finite-difference methods, and spectral methods. The 
results we have published, and in particular the basic nonlinear mode coupling mechanism 
of the tokamak disruption, are reliable and survive the appropriate numerical tests. 

4.1.2.12 Nonlinear Interaction of Tearing Modes: A Comparison Betweea the 
and the Reversed Field Pinch ConJiguratatia~i~~ 

J. A. Holmes, B, A. Carreras, T. C.  Hender, W. R. Hicks, V. E. Lynch, Z. G. An,* 
and P. H. Diamond 

The multiple-helicity nonlinear interaction of resistive teasing modes is compared for 
the tokamak and RFP configurations using the MHD equations, Unlike the case of the 
tokamak disruption, for which this interaction is destabilizing when isiands overlap, the 
nonlinear coupling of the dominant helicities is shown to be a stabilizing influence in the 
RFP. The behavior of the coupled instabilities in the two configurations can be understud 
as a consequence of the stability properties of the nonlinearly driven modes. In the case of 
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the tokamak disruption, quasi-linear effects linearly destabilize the dominant driven mode, 
which then feeds energy to the driving mode. For the RFP, the driven modes remain 
stable, acting as a brake on the growth of the dominant instabilities. Furthermore, for the 
MFP configuration numerical results indicate that nonlinear coupling of different helicities 
results in noticeably more rapid saturation of the dominant instabilities than was obscrved 
in single-helicity studies. 

‘Institute fct Flrsian Studies, University of Texas, Austin. 

W. A. Houlberg, S. P. Hirshman, and S. E. Attenbergei 

Toroidal MHD equilibria cakilatcd from momcnts expansions generate: Fourier series 
in the poloidd and toroidal (in three dimensions) angles and a couplcd set of differential 
equations in the radial coordinate for the expansion coefficients. Numerical solutions for 
the inverse equilibria [RQ,o,t?,$), Z(p,O,+)] are therefore continuous in the angle coordi- 
nates and discrete only in the radial coordinate, thus requiring interpolation only in the p 

coordinate. When 6 is the real toroidal coordinate, the inverse [ p ( K , Z ) ,  O(R,Z)]  in either 
two or three di.tnensions i s  easily and efficiently calculated by the iterative scheme 

is the Jacobian of the transformation from (I?,%) to (p ,8 )  and thc subscripts p and B desig- 
nate derivatives with respect to those coordinates. Examples of using the scheme in track- 
ing segmented chords through flux coordinate space will be given. The method i s  useful for 
interpretation of diagnostics on experiments and as a geometry package for neutral particle 
transport, rf ray tracing, etc., in noncircular and/or nonaxisymmetric plasmas. 

W. I. van Rij, G. Valhala,* and D. J. Sigmar 

The ideal M H D  Hain-LUst equation yields the well-known continuum of shear Alfvh 
waves defincd by ufrlmin d w2 G ai Inlax) c,.& := kivfr (kll f 0). This second-order dif- 
ferentia1 equation also possesses discrete spectra for u2 < wfr recently investigated by 
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*Inisiitute for Fusion Studies, University of    ex as, Austin. 
+New York University, Mew Yo&, 
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potential and resktivity perturbations are shifted rad:ally o:ntwaad from equilibrium p s i -  
tions and effectively decoupk from the current p e r t ~ r h t i o n .  The mode vridtl~ is deter- 
mined from the balance of thermal conductivity with the nonlinear E X B convection of 
resistivity. Thermal conductivity pi ovides the sink for nonlinearly transferred energy input 
by the temperature gradient. The rippling mode is investigated as a possible candidate for 
edge fluctuations. The two-point resistivity correkatiern i s  Fnlved and evaluated for several 
Reynolds nurnbe; s. Incoherent emission driven by thc; relaxation of the temperature gra- 
dient is treated, and enhanced fluctuation levels for e4/Te and $/vo are obtained The wavc 

mmber spectrum is calculated and transport estimates are reported. 

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

4.1.2,17 ~~~~~~~~~~~~~~ into the SSraaclture of ~~~~~~~~~ Magmetic Isla~ads in a Pdoi 
D ~ V ~ P - ~ W  TOLXXXW~~ 

E. Uchimoto,* J. D. Callen, L. Garcia, and B. A. Carreras 

A computer code is being developed to nun:erically advance the 3-D resistive mag- 
Emetahydrofriction (MHF;) equations in a poloidal-aivertor-coofi,Quration tokamak. This is a 
natural extension of the 2-D resistive MHF code that finds axisyinnietric MHD equilibria 
in such a device. The primary objectkc: of the new code is to find a nonaxisymmetric lower 
energy state with saturated magnetic islands and to understand low-y discharges in the 
Wisconsin Tokapole II. In order to handle the divertor separatrix, the equations are writ- 
ten in a finite-diffcrcwce form in two Cartesian components in a poloidal. plane. They are, 
however, Fourier analyzed in the toroidal direction to facilitate an efficient representation 
of the island structurc, Time advancement i s  explicit. 

'IJniversity of Wisconsin, Madison 

E. Uchimoto,* J .  D. Callen, L. Garcia, and B. A. Carreras 

The Wisconsin Tokapole I1 is a poloidal-divcstor-con~~iguration tokamak with a c~nsid-  
erablle amount of plasma residing outside the separatrix. To help us understand resistive 
MMD instabilities in such a geometry, a numerical code ha5 been developed to find MMD 
equilibria in a Tokapolc-type device including plasma pressurc outside the separatrix. The 
code employs the basic features of the Chodura-Schluter method for an axisymmetric 
plasma in  which a set of 2-D MHF equations is numerically advanced to relax the plasma 
into an equilibrium configuration. This method is  advantageous over the standard Grad- 
Shafransv approach in that the niultivaluedness of the pressure p and poloidal current I 
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high-8 corners, and the s&ft shows an additional dependence 011 Bcorner (or global mirror 
ratio). It is this dependence oii global mirror ratio which is exploited to reduce the pressure 
surface shift (average diifi surface), as wcBI as the shift of gassing and transitional par- 
ticles. 

The  drift behzvior of trapped, passing. and traiisiiional particles is usually obtained 
using bouncc-zveraged equatioiis. I Iere we justify this procedure and discuss the motion OII 

the shorter (local drift) time scale -either one of which may be used io gain qualitative 
insights into the behavior of single particles -and hence insights into collective effects such 
as transport and heating. 

In  the bumpy sqinare configuratiom, toroidal curvature is localized in the corner stc- 
tions rather than uniformly distributed, as is the case in the cxisting circular CBT con- 
figuration. 'Ihis feature, coupled with thc fact that the magnetic field is higher in the 
corner sections, results in a number of distinct advantages with respect to particle 
confincment, heating, and transport. It might be exgected, however, that ballooning modes 
should have some tendency to concentrate in the corner sections-specially along the 
outer field lines where the curvature and pressure gradients are unfavorable. IIere we 
examinc the stability of such a configuration using a ballooning node  equation derived 
from the generalized kinetic energy principle. 'The side and corner sections of the square 
arc treated with a piecewise constant approximation and matched at  a transition boundary 
to obtain the stability condition. This retaim the ring-core coupling and yie!ds both the low 
0, diamagnetic wsl! stabilLation condition and a high 0, stability limit analogcus to the 
Van Dam-Lee-Nelson p, limit. Due to thc high magrmi;tk field in the corners and the rela- 
tively weak curvature there ( ~ - 1 / 2  of the curvatlira in the bumpy sections), this uppcs p, 
limit is not significantly changed f r o a  that which would be piescnt in the conventional cir- 
cular blirrrpy torus configuration. 

*Institute for Fusion Studiw, University of Texas, Austin 

4,1.3.4 

A. M. El Nadi* 

b6E!cctrsstatic ~on~fiiwernent in a ~airaapy ~ ( ~ r u s ~ ~ ~  

In a closed-field-line device such ds a bumpy torus, the combined E X B and V B  
drifts lead to charge separation that is balanced by the io11 polarization drift. la this work, 
we determinc self-consistcnt potential and ciemity profiles and the condition for electric 
island formation. 

'Giza University, Cairo, Eeypt. 
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4.11 3.5 ~~~~~~~~s~~~~~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ e ~ ~  in a 

A. M. E] Natli* 

We have analyzed t k  equilibrium of a bumpy torus in the prcser:ce of  an ambipolar 
potential, Previous work neglecting the effects of the potential showed that the pressure P 

. A different picture emerges when the ~ ~ a r ~ ~ - ~ ~ ~ e ~ e ~ i ~ ~ n t  
nger negligible in comparison with the magnetic precession. 

Charge separation would thew result generally if an ion polarization drift did not arise. The 
drift kinetic equation can be used in the collisionless constant temperature limit to show 
that P = g(e#/'F, -t- In U ) / V ,  where g is an arbitrary function, cfp is the electrostatic 
potential, e is the magnitude of the electron charge, and T, is the elcctron temperature. 
Besides, the quasi-neutrality condition turns out to be e uivalent to solving the equation 

= p j 9  where D is the displacemmt vector in t e ~righ-pl3sma-dcnsily limit and p i s  
the net charge obtained using the rift kinetic equation, excluding only the ion polariza- 
tion. To ensure qu&mlmtraiity in le hot electron ring region, we assume that the outer- 
most ~ q ~ ~ ~ ~ t e ~ t i ~ ~  coincides with the ring boundary. The sd~mtian to the above partial 
differential equation (PDE) shows an asymmetry in the potential, used by the toroidal 
magnetic curvature, which forms a pressure-dependent electrostatic ole along the major 
radius (analogous to the firsch-Schliiter current in a tokamak). Formation of potential 
islands occurs when1 (77, -1 Ti) exceeds 2A4L,,RbE2, where 1s the ion mass, L,  is the den- 
sity scale length, liz is the major radius, and 12 is the E precession frequency. Because 
of its effect on e uilibrium, it is obvious that taking ion polarization into account 
should have important effects on both the stability and the radial transport of the toroidal 

ction of U = J t1Q 
poloidal drift is no 

plasma. 

'Giza University, Caixo, Egypt. 

ect-ratio device which provides goo access to the plasma, thus 
nce and the introduction of extern heating sources. However, 

questions of plasma stability, stringent requirements on field line closure, and serious par- 
t ide transport losses due to dispersiori in the partic e drift orbits remain unresolved, 
Sevex-1 ideas for enhancing the aspect ratio have been put forth with potentially significant 

t;. Some of these retain the closed-field-line configuration with corresponding 
ccs on coil alignment, and others require a nonplanar minor a ~ i s ,  c ~ ~ ~ o u ~ ~ ~ n g  

the problem of high mechanical stresses in reactor-scale devices. 
These iasares may be corrected by driving a nmdest (by tokaanak standards) toroidal 

current in EBT, thereby providiiig magnetic flux surfaces with rotational transform and 
shear. This may offer a way to retai the simplicity of  a planar, circular torus and possibly 
reduce the s i ~ e  of an EBT reactor by requiring fewer sectors. 

Plasma stability and transport are largely unexplored for a current-drivcn EBT. In the 
present work, 3-D hQHD equilibria are determirzed using an energy principle to obtain the 
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solution of the force balance equation for nc4ted magrletic flux surfaces. Ilquilihiium states 
are found for a range of plasma brtd and rotatioiral tinllslrorln and comparcd for tlirce cir- 
cular coil configurations all with 
the same ncpedt ratio and plasrira volume. 

In k,BT a convergent solution is not obtained for very low iotat ia id  transform ( t  << 
1 ) .  High transform, t - I ,  can be obtained with a toroidal current of 40 kA. In this case, 
equrlibriurn states art: obtaincd as the plasma begins to forin a magnetic well. Also, there 
appears to be stability againsi kink modcs for t > 1.  This may be due to the local 
miniiniini-H iegioi;s presemt in cach magnetic a ",ire, prevci-hig disy'lacment of the 
magnetic axis and inhibiting the grovtka of thew modes. My contrast, no convergence is 
found i n  the tokamak for t < 1 .  

The effect of the hot ckctron ring diamagnciirm has not yct been included, Ilowevcr, 
based on the F,WT expcr;men:, one would expect the ring to stabilize the suifacc plasma 
agairist flute rkiodcq It is expectcd that imposing the iequired equilibrium ficlds will influ- 
ence the rings. I'hese encoilraging iesults invite further exploratioii of this concept and 
may justify ai7 experiment on H3 1 -S 

tokamak, kBT-S, and b8T with ;a qplit-wedge TF coil 

'McUonnell Douglas Astronautics Go., St. Louis. 

4.2 TRANSPORT KINETICS: RINE'I'K THLORY 

The tramisport kinetics effort intcgrates topics that cross the bouimdaries of the tradi- 
tional subcategories of theoretical plasma physics: equilibrium, orbits, stability, heating, 
and transport. While an immediate goal i s  to piovidc theories and codes that permit direct 
comparison with cnrient and near-terrn expeeirnents, another goal is to providc the back- 
ground and insights necwsary for understanding and predicting the behavior of longcr-term 
experiments. 

'The electric field plays an essential role in placiiia confipremcnt for nonaxisyminetric 
systems, and the experience acquired in EBT research has pisvetl vcry rsp,ful. The analysis 
of the iadial electiic field wa$ extended in several a.reas. Diffcreniial equations for the 
electric field were developed to treat different collisinnality regimes in a number of devices. 
The stahility of thc radial elcctiic field L Y ~ S  considered from a thermodynamic point of 
vicw. A potential called the generali7ed heat production rate w w  defined. This new point 
of view improved the uradcrstanding of radial dcetric ficlds in iionaxisymmetric magnetic 
configurations. '1 he stellarator version of the WIIIS'T' code, which i s  used for predicting 
,4TF perfoimance and for analyzing Hdiotron-E data, was upgraded by the dcveloprnenh 
of a package that not only solves thc algebraic equation for the elechiic field but also 
checks the mots for stability and reliahly track< thcir evolution in time- Detailed studies 
with this code, using both algeht-aic and diffusive models to find sclf-consistent solutions 
for the electric field, have shown that largc !oss regions can be hcaled with modest radial 
fields. 

The polloidal electric field was determined in various regimes for siellarators, and most 
of this analytic work was incorporated in the stellarator versioim of the WHIST cod@. A 
multifliiid treatmeat of the r;on-MaxweIIian electroc distribzbion function wau developed to 
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tkr Electric Fie1 

Jm a bumpy torus the radial. ek&c field i s  ~~t~~~~~~~~~ by the constraint of amhi- 
polarity. If both species are  ate^ by n o ~ r e s ~ ~ a ~ t  diffusion, then the ambipolarity 
relationship as it is usually formulated i s  algebraic in the electric field. The solutions of 

cbraic equation may have a dis~onltinuous first derivative of  the electric field. The 
urapkysical sitlaation arises from the neglect of the finite orbit deviation from the pressure 
surface. If the fluxe:i are s;a!culated to higher order in the inverse aspect ratio, a secun 
order differential equation for the electric fieid is obtained that will give a continuous first 
derivative for the electric field. 
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D. E. Hastings 

In  a torsatron, the ambipolar electric ficld i s  obtained by equating the ion arid elec- 
tron fluxes. Ihis  formulation, when solved simultaneously with the density and tempera- 
ture ratc equatiorns, gives continuous e!ectric fields but may lcad to the radial derivative of 
the electric field being discontinuous. This iinphysical situation arises from the neglect of 
the finite orbit deviation from the flux surfaces. If the fluxes are calculated to higher order 
in  irivcrse aspect ratio to include thc finitc orbit deviation, then a secsnd-order differential 
equation is obtained that will give a contimoils first derivative for the electric field. 

4 2 . 1 3  

I). E. IIastings, W. A. Hsulberg, and K. C. Shaing 

MTl~e hmbipolsr Elcctric PieQd i~ Stellarators”” 

In a 3-11 device like a stellarator, the ambipolar electric field must be determined 
self-con:sistentliy from the amhipolarity constraint and can have a significant effect on the 
transport through the diffusion coefficients. A differen:id and an algebraic formulation for 
thc electric field are solved along witha the density and tempcrature equations. The results 
are compared, and in both cases multiple electric field sclutions can exist with bifurcations 
occurring between different solutions. It is shown that heating of the electrons encourages 
bifurcation to the more favorable positive electric field root. 

42.1 -4 “Caiculartiorr sf the Self--Cons%tesat Electric Field in Taa~~idal Na 

D. E. Hastings and T. Kamimiira* 

In a toroidal nonaxisyrnrnetric plasma, the radial electric field is detemincd by the 
constraint that the radial ion and electron fluxes be equal. This ambipolarity relationship 
is, in gcneral, a nonlinear algebraic equation for the electric field that can have multiple 
solutions. An algorithm is proposed here to solvc this equation and obtain a spatially con- 
tinuous, temporarily stable solution. For definiteness, this is applied to a bumpy torus, and 
it is shown that there exists a boundary in the density, electron temperature, and ion 
temperature space across which the potential changes abruptly from a spatial hill to a 
spatial well. 

*Institute for Plasma Physics, Nagoya IJniversity, Nagoya, Japan. 

galapity in a Multipk Helicity Torsah 

D. E. Hastings and K. C. Shaing 

In a torsatron there arc multiple solutions to the ambipolarity relationship for the 
electric field. If the plasma attempts to change from one solution to another spatially, thew 
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it typically has a sniall electric field uver some regiun of space. Over this region, the self- 
lead to potm~ial islands. If the 

piasma is in the su~""aaana-plateaai regime, then slo esanant particles Birrail the rate of 
change of thc electaic field and, hence, give a minim width for this. c;gatial zone where 

consisleant poloidal electric field Can be important 3 

the pRasn1a i s  changing roots of the ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~ ~ ~ ~ y  ~ e ~ ~ ~ ~ ~ ? ~ ~ ~ ~ p .  

M. C. Shaing 

The e fkc t  of external noise on the transition of tale: radial electric field i s  studied. 
Depending on the s i ~ e  of the ~ u ~ t ~ ~ t ~ ~ ~ ~ s ,  the transition csf the radial eBeciric f i t 4  can 
either exhibit hysteresis or choose the path for which the therm ymamic potentia? (gen- 
erajiied heat productio~ rate) 5.1 is an absu~ute ~ ~ ~ n ~ ~ ~ ~ ~ r ~ ~  ~~i i c tus t iom other t~aan thc 

radial electric field arc a.lso studied. 

a ~ ~ ~ ~ ~ x ~ ~ y ~ ~ ~ ~ ~ ~ ~ ~  T~Tuws"~'  

K. c. Shaing 

'I'hp: stability sf the radial electric field in a nona~isgrmmetric torus is discuss& f ~ ~ i - i  

thc t ~ ~ e ~ ~ o d y ~ a ~ ~ c  point of view. It i s  found that for both radially local and rionlocal 
models, the stable radial electric field is at the minimum of the gener ized heat proauc- 
tion rate. A similarity between the local model. and the liquid-gas ase transition is 
pointed out. 

adial ESmtric Field in a Non 

K. C .  Shaing, R. H. Fowler, D. E. Wastings, W. A. Houlberg, E. F. Jaeger, J .  F. Lyon, 
J. A. Rome, and J. S .  l'olliver 

The effects of radial electric fields have been studied for a wide range of nonaxisynn- 
metric tori (e.g., rippled tokamak, stelhator, and EBT). FOI these vices the pafticle 
fluxes are not ~ ~ t r i ~ s ~ ~ ~ i l ~ y  a ~ ~ ~ ~ ~ l a r ~  and a radial electric field E,  velops to ensure 
quasi-neutrality. Such cffects on plasma transport have been studied in four areas: ( I )  ana- 

xpressions for particle and heat fluxes and comparisons with calculations by others, 
onte Carlo simulations of transport scaling, (3 )  transport code ~~~~~~~~~i~~~ for exist- 

ing and proposed devices, and (4) analytic understan ing of the stability of an E,  value 
and the probability of transitions between allowed values for E,. 

Because of a stellarator's complicated orbits and the strong effect of E, on these 
orbits, a Monte Carlo code was uscd to benchmark the theoretically derived transport 
expressions. Figure 4.4 shows the data points for Monte Carlo calculations of the diffusion 
coefficient in a model Iz I= 1 stellarator. For small valuer; of E,, the Monte Carlo results 
agree closely with the predictions of theory. But, when Er is increased (with either sign), 
the value of D rapidly decreases to a residual level which i s  roughly the axisymnietric 
neoclassical value with uc, replaced by ut, and m, replaced by mi. This asymptotic level is 
caused by nonconservation of momentum by the Monte Carlo test particles and the 
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low collisionality regime. The value of E ,  needs to be determined self-consistently from the 
transport equations. An evolution equation for E ,  is developed from neoclassical transport 
theory. Two I I I Q ~ C ~ S  for E ,  have been considered. One is a radially local model obtained by 
b a h c i c g  the electron and ion particle fluxes. 111 the radially nonlocal model, besides the 
iisual particle fluxes driven by the linear gradients of density, temperature, and electric 
potential, a higher-order particle flux due. to the finite size of the particle drift orbits is 
included The stability of E ,  is studied by defining a thermodynamic-like potential. A 
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stable value of E ,  is at a minimum of this potential. The transport ~ ~ ~ ~ l a t ~ o ~  results Frnm 
these two models with the ATF-like parameters show reasonable $ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t  t ime a i d  

plasma beta. 

4.2.2 ‘Tramsport Coeffa@ients-AAbstracts 

4.2.2.1 

G. L. Chen, t, W. Owen, D. B. Batchelor, and C .  L. 

“Stochastic Particle Diffusion in ~ e ~ ~ c ~ ~ y  Spscs for B Bum 

Nonadiabatic changes of the magnetic moment p in EBT-S have heen stu 
analytically and numerically. Simple forms of By and the gyrophase change 
obtained, permitting the changes in these quantities to be studied t~sinrg an iteratiori niap 
ping. The mapping results show stochastic behavior for particles havi high energy arid 
low initial 1.1. Otherwise, superadiabatic notion appears. The stochastic ffu s i m  ~~~f~~~~~~ 
for the variation of p was measured numerically by mapping and was also ~ ~ ~ ~ u ~ ~ t ~ ~  from 
quasi-linear theory. The results are shown to agree well in the stochastic region. For high- 
energy particles, the diffusion in @ due to nonadiabaticity can be comparable to cdlisional 
diffusion when stochastic motion occurs in EBT-S. 

4.2.2.2 “Monte Carlo Studies of Transport im $ t e ~ ~ a r a ~ o ~ ~ ~ 5 5  

R. H. Fowler, J. A. Rome, and J. F. Lyon 

Transport is studied in toroidal geometry by integrating the guiding-center equations 
in magnetic coordinates and simulating collisions with a 
The effects of the ambipolar electric field on diffusion 1 
magnetic fields and the correct magnetic field of the ATF stellarator. Gcamparisons arc 
made of the computed diffusion coefficients and the theoretically predicted values. 

onte Carlo collision (o 

es are; determined fo 

4.2.2.3 “Transport Associated with the Caltisionless ~ t r ~ ~ ~ i ~ ~ / ~ e t ~ ~ ~ ~ i m  
Nonaxisyrnmetric Torus 11”‘6 

R. EI. Fowler, J. A. Rome, and K. C .  Shaing 

In a previous paper, we discussed heuristically the transport scalinp, associated with 
the collisionless detrapping/retrapping orbits in a nooaxisytnrnetric torus. It is found that 
the transport scaling depends an the retrapping possibility of 1 ~ ~ r o ~ ~ ~ ~ ~ ~  trapped par- 
ticles in a time scale of the order of a;*, where WE k the E X p h i d a l  drift frequency, 
(Here we adopt the strong electric field ordering, Le., WE > wvu,  the V B  drift frequeracy.) 
Now we develop a kinetic method to calculate the transport cwfficients in a. stellarator 
with an even retrapping probability distribution in the pitch-angle space. This meth 
generalization of that developed in QRNL/TM-8773. ‘The s ~ ~ ~ u t ~ o ~  we obtain is c o ~ t ~ ~ ~ ~ o ~ ~  
in both pitch-angle and configuration space. It i s  found that if the probability ~ i ~ ~ r ~ ~ u t j ~ ~ ~  
is localized around the trapping/retrapping boundary, the Kovrizhnykh scaling i s  abta ined. 
On the other hand, if it is a uniform distribution, the Galeev and Sagdeev scaling prevails. 
Our approach can treat an arbitrary probability distribution; therefore, it represents a gen- 
eralization of those two scalings. It i s  also found that the Galeev and Sagdeev scaling is 
strictly valid only in the limit of q, >> et. In case of f h  - q and order of unity, correction 
is required. With slight modifications this method i s  also applicable to a rippled tokamak. 
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t Transport in Bum 

D. E. Hasting 

Neoclassical diffusion coefficients for a bumpy. torus were first computed by Kovrizh- 
nykh. He showed that for low collisisnzlities the transporb sates scaled with collisionality. 
Howcver, he ignored many important effects, and recent theomtical work in the collision- 
less limit indicates that substantial modifications need to be made to his diffusion cceffi- 

, in a closed-field-line device thc pressure surfaces can deviate substantially 
stirfaces and, in addition. can have some ellipticity. It is found that thc effect 

of ellipticity enters in the same way as in a tokamak, while the shift of the pressure sur- 
faces modifies the radial drift and, hence, the difhsioaa coefficients. Second, in a bumpy 
torus there can be a significant ploidal electric field, which enhances the radial drift and 
therefore the transport rates. This can be calculated self-consistently from the requirement 
of first-order quasi-neutrality. Third, when a realistic magnetic geometrj is used in bounce 
averaging the differential collision operator, particles near the trapped/ passing boundary 
make a larger contribution to the transport than indicated in Kovrizhnykh's work. In par- 
ticular, it is found that for collisionalities close to one, a collisional Lacundary layer forms 
across the trapped/passing boundary, and this leads to diffusion coefficiects scaling with 
the square root of collisionality. For lower collisionalities, the effcct of collisionless detrap- 
ping is important, and this leads to trarnsport rates scaling with collisionality but with ths  
illverse aspect ratio rather than its square, When these results are generslixd to a 
multiQle-iLPa-specics plasma, it is found that encrgy coupling between the different ion 
species can produce significant modificatioins of the. diffusion coefficients. The new diffu- 
sion coefficients with all these effects included have been confirmed with the use of a 
Monk Carlo code developed for bumpy tori. Finally, the use of these transport rates in 
one-and-one-half-diniensional ( 1 %-D) radial transport cdes  indicates much lower life" 
than obtained with the Kovrizhnykh coefficients. 'Y'hc lifetimes now obtained arc within a 
factor of 2 of the experimentally observed numbers. 

4 .225  ~~~~~~~~~~~~~ Trans 
SA! Electric Field 

y CBosed Field Line Dev ce in the Cokliislsaa8W, 

D. E. Mastings 

Neoclassical diffusion coefficients are obtained in the collisional, small-electric-field 
regime for any bumpy closed-field-line device. A variational principle is used, and energy 
scattering is included in the collisional operator. 

ort in a Mdtiplle-MeBicity Torsartrs 

D. E. Mastings and M. C .  Shaing 

An analytic expression for the neoclassical flux valid in both a multiple-helicity torsa- 
tron and a bua-npy torus in the superbanana-plateau regime i s  obtained. The expression is 
valid for arbitrary values of a', the radial electric field, &&d, with eH the effective helical 
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modulation or bumpiness, and &,/a, with er the effective toroidal modulation. When small 
mirror force terms are included in the flux, then a nonlinear first-order ordinary differen- 
tial equation (ODE) in @’ i s  obtained from the ambipolarity relationship. 

Monk Carlo codes can be used to account for the effects of large orbits and loss 
rcgivns if their results are interpreted in a nonlocal manner. In a tokamak, because of 
axisynirrietry, the orbits equatioais can be integrated by using three constants af motion 
(COMs): the energy c ,  the magnetic moment p, and the toroidal canonical angular 
mornenturn .Pb” Even a large collisionless orbit is just a point in CON space. When colli- 
sions are introduced, the motion of an ~~~~~~~~~1 particle in COR? space resembles a 
r ~ n ~ o n ~ - w ~ ~ ~  process, and the collisionless motion of the particle can be separated from i t s  
collisional molisn, The variables used for the calculation are \c, e ,  p, and P,. In this space, 

the Jacobian is (vd V$>-*, which is just the fraction of time spent at any point along the 
orbit. ‘I‘he topology of this space is examined to determine the locus of allowed particle 
orbits and the loss region boundary. To calculate the density and flux, Monte Carlo par- 
ticles are  we^ in real space by integrating the equation for dvll/dt. After each integra- 

itch-angle and energy scattering occur and the new CdMs are calculated. The 
new values of $,,, and lrtrnin are calculated numerically to determine whether the orbit 
crossed the surface $ for the first time. If it did so, the change in flux is given by the map- 
ping of (A$)/(At) onto (A#,,,,,i,)/(At). The density can be obtained by integrating 

flux surface. The p is that it separates the motion of the 
particles along their collisionless orbits from their collisional motion between orbits. 

f(E&,L,P$) over the M space contain those orbits which pass through the 
a1 advantage of this meth 

YWonte Carlo, Estimates caf T ~ ~ ~ $ ~ r ~  ates in EBT with Asymmetric Potential 
PxofiHesw6 ‘ 

J. S. Tolliver and C .  L. Hedrick 

bounce-averaged EBT Monte Carlo transport code has been used to study 
for three cases: ( 1 ) closed electrostatic potential contours which coincide 

with the alpha contours, (2) in-out asymmetric potential profiles producing crescent-shaped 
equipotential surEaces, and (3)  asynimetric potential profiles with open equipotential eon- 
tours (is . ,  potential contours that intersect the “wall”). Since low-energy particles are 
strongly influenced by the E X B drift to roughly follow the potential contours, such 
asymmetric potential profiles can be a significant loss mechanism for such particles. This 
idea has been quantified with the Monte Carlo calculations to be presented. We will show 
results for the particle and energy confinement times for the three cases mentioned. 
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J. S .  lolliver and J. A. Rorm 

We have devcloped a bounce-avei aged Monte Carlo code suitable for stellarator trans- 
port physics. My bounce averaging we avoid the need to fol!ow the detailed longitudinal 
motion of tcst paiticles arid arc a b k  to use H T ~ U C ~  larger time steps than are appropriatc in 
guiding-center codes. Tint code runs considerably fastsr than a gniding-center code and can 
k economically us01 for elcctrons as well as ions. Thc code has hcen benchmarked against 
ailalytic theory for EBBT, in whkh all particles COiISeWe J and can he treated by bounce- 
averaging in a stellarator, pai-ticlcs can becomc dctrapped so that bounce-averaging no 
iosigcr app1 . l~~  ‘#e make the assiimpticn that such particles stream a l ~ n g  field Bines until 
they (either coilisionlessly or via collisions) becornc retrappeb. Results will be presented 
using a model field for the ATP;. 

2. L. Miller,* C S. C,Rarig,* a i d  I). K. Lee 

Significantly enha~iced neoclassical diffusion is found for the hot Jronresotaat sp~:cics 
iil at1 EHT device by considering the detailed pitch-angle scattering for the transition and 
passing particles. Due to the presence of transition particles (trapped-passing boundary), 
t i le drift kinetic equation has more pitch-angle structure in the vertical drift term than has 
prcirioi-sly bsm ccnsidcred. Using a bounce-averaged, pitch-angle-scattePing collision oyer- 
stor, this equation Is solved numerically, and evidence of a plateau regime i s  sought, Initial 
calculations using a collision operatar that was not bounce-averaged agree with the results 

hnykh in the collisional regime but yicld difhsiosn coefficients as much as four 
tiinl~s Eargc; than thos6: of Koviid~nykh in the collisiorntess regiinc 

‘Appllcd Microvwe P ! ~ s m ~ s  Inc., Encinitas, Calif. 

47.3- I, ‘’A Pi ~ ~ ~ a ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ . ~ ~ ~  Tokamak ‘Nesclaissieaal MHO’ Instability in the 
R-PMezU ~~~~~~~~~~~~~t~ RegimP54 

J .  D. (:allen and K. Lm Shaing 

The moment eqaation approach to neoclassical processes is used to derive the per- 
turbed flows, CCTTC r̂  and resistive MHD-like: equations for a tokamak plasma. The new 
features of the rcsialtant “neoclassical MHD,” which requires a multiple-length scale 
arialysis for the paral!el eigenfiinction hut is valid in the banana-plateau csllisionality 
rqicnc, are: ( 1 )  a glahal Ohm’s law, which includes a viscosity-driven (bootstrap) current; 
(3) reduction of the curvature effects to their flux surface average; and (3 )  an incrcased 
polarization drift contiitiution wit!? the F2  replaced by Bg ’. An electrostatic eigcnmode 
equation is dcieriziried from V . = 0. For the unstable eigenrnodes the viscous damping 
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4.2.3.3 "A ~ ~ ~ ~ t j ~  

K, G. Shaing and J. 

A newly proposed ~ ~ w - f r ~ ~ ~ e ~ ~ ~ ~  (Y  - ob >? w> tokamak resistive  st^^^^^^^ driven by 
the pressure gradient is extended to the ~ ~ g ~ ~ f ~ ~ ¶ u ~ ~ c y  regime (wb 2 e, >> Y ) .  To obtain a 
dispersion relation in the ~ i ~ h - f ~ ~ ~ u ~ n ~ ~  regime, a ~ r ~ q u e n c ~ - ~ e ~ n ~ e ~ t  parallel visc 
calculated from the kinetic equation, It has the sanae form as that inr. the low-fse 
limit except that tb 
the order of unity. 
from the parallel force halance equation. The ion ~ ~ ~ a ~ ~ ~ ~ t ~ ~ ~  term i 
smaller than that in the l ~ ~ ~ - f ~ ~ q ~ ~ n ~ y  case. There are two modes. The iu 
frequency wei and a higher growth rate ( I / c )  than that of the electron 
real frequency w , ~ .  

ollision frequency Y i s  replaced by Y - io@, w ere a is a constmt of 
current is ~~~~~~~t~ is parallel viscosity, a perturbed bootstr 

4.2.4.1 Wrift  

C. 0. Beaslep, Jr., K. 

Pellet injection can cause density and I t ~ ~ ~ ~ ~ a ~ ~ r ~  profiles such that 
destabilized in a tokamak. We present numerical c ~ ~ ~ u ~ ~ t ~ ~ ~ s  of the ~ n ~ t ~ ~ ~ ~ ~ ~ y  using proo- 
files similar to those in Alcator-C. In the region of pellet injection, the density ~~~~~~ 

becomes locally inverte 
qe becomes sufficiently 
correspondingly large radial 
inversion into the center of t 
modes are given. 

leading to a negative qe i= d In TJd In re. Bf It 

rge, niodes can be excited down to very 10w in 
ode structure extending beyond the range of the density 
tokamak. ~ ~ o ~ i ~ ~ ~ ,  frequencies, and growth rates for these 

'Massachusetts Institute nf 'Technology, Carnbridgc 
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cnr 07 Y J ~ H Y c F s ~  P;radc St;abHBity"58 

C. C. Bcas!q, JP.: W. I. van Rij, and K. Molvig* 

Thc effect of clectron-lodl Coulomb collisioiis CII the univtrsal modc is strdied using a 
l-okker-Piaixk collision opcmtor in thc kinetic equation for the electron distribution 

fe(x,v/l,t). '1'1Pe expccted .;moothing of ttp, VI( strirctiire of is found, a i d  thc character of 

the mode is littlc changcsd when Y,, -% w, It is also confirmed that a collisionality on the 

oidci of that of p;^~zsnt tokamaks is sufficient to providz for destabiliration of the sn::?dc 
even in the a!,sencc of nonlinzar orbit stochastic diffusiofi. 

'h4assachu:ettc !nsii'rute of Technology, CambriSlge 

4.2.d.3 Themy CP!CU!GI~~OF~ Df Fiwits Beta Brift WOW T ~ h e a P ~ , . : c d ~  

C. 0. Bcasley, Ji., W. I. van Rij, K. Molvig,* and J. T. Freid'ocrg* 

Using niamerical techaiques, we calciilate cigenmodes of the fian8Eiicar univeisd mode 
with fiiiite beta in oi'dcr to detesmiiie the scaling of the satwation level of the instability 
with beta. W e  use LWQ diffeient icnoii?iidizatioas in the calculations and find that,  sing 
the approprizte IrenoimaliLation. Q J ~  are able to recover Alcator density scaling, as origi- 
nally found ic analytic work by Molvig and IIirshinan. We alsa fiiid that tkz universal 
modc should bc stable in ohmically heated tokamaks abwc z cnitical beta oil the order cf 
0.03. 

'Massxh11wtiC Institute of Technology, Cambridge. 

J. P. Ficidberg* a i d  D. J. S i g ~ ~ a r  

RecclitBy, Connor et a: propssed a simplc model to explain the degradation in con- 
finerilefit time in auxiliary heated tokamaks. 'I hey suggested that confinement is dcscribed 
by Internationa! Tokamak Reactor (INTOK) scaling except in regions where tlnc i d c d  bal- 
loonii-rg rmde stability critcaion is violated. In these regions the prcss;ire gradiec;: is limited 
to the ideal MHU thicshold valiae. In  ;kc present work. we extend their analysis to include 
ilnste Larmot radius (F'ER) effects on the ballooning niodc stability boundary. Our 

is to ascertdin whether thc remarkably gnnd agrceaent 5ctwcr;l tllcir thcory 
and tile empirical scaling laws 2nd Impurity Study Expe;i;neat (ISX-B) beta saturation 
prevails when a moic i d i s t i e  stability criterion is intiodjrccd. FLR c f f c ~ t s  cilter thc scal- 
ifig relations in a rather mi-nplicatcd way, as .tliell as altering the rcgioils of plasma whcre 

niodes can occur. FLR-rndifkd coisfincnei:t scaling results will be presected. 

'Massachusetts lcstitute of Technology, Cambridge. 
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field with increasing temperaturc. Above a critical teinpe:ature the cutoff disappears 
entircly. Tlirie is a broad range of temperatures, 20 keV < T ,  d 500 keV, for which thc 

wave numbG;;l k differs significantly from both the cold plasma value and the vacuum 

value This has impsrtani implications for ray tracing in relativistic plasmas. Wave dainp- 
ing rates are calciilatcd aiid compared to rewlts from a previous formulation using the 
Poyntiilg tlieoi em, in which only the Hciinitian part of CJ is calculated relativistically. - - 

r9. 13. Batchelor, K. S. Kidel,* arid H. Weitzner 

In mirrorlike devices, wheie the magnetic gradieoi is along the direction of thc mag- 
netic field (parallel siratiflcation); the iight circularly p o l a r i d  component of E is not 
suppresscd, and veiy strong local damping of the extraordinary mode can occx.  In such 
circumstances, the warm plasma dispersion relatiori predicts essentially total absorption of 
the wave with no reflcction. IIowever, because of the strong damping and the rapid spatial 
variations of k as the resonance is approached, one would not expect the usual geometrical 
optics theoiiG to be valid. Adapting a calculation done by Weitzner for ICRH, we intro- 
ducc two small parameteis € 1  = v , p P e / w  and t 2  - AIL -- c / w p e L  and perform a boun- 
dary layer analysis in the resonance iegion which is matched asymptotically to the 
geometrical optics solution. The integrodifferential equations obtained in the resonance 
layer are solved numerically. 

‘New York University, New York. 

4.3.3 Abstmat of “FokLer-PPar-ck CalcunPBsntiihw of Core Plamw Heating by ECRH 
in E B T ~ ~ ~  

C;. 1, Chen, D. 73. Batchelor, and Y. Matsuda* 

In the heating of the bulk plasma in LB32 devices by fundamental electron cyclotron 
resonance hedti~rg (ECRII), we find thc details of wave propagation, plasma heating, and 
transport of the depositcd wave cncrsy to be very tightly coupled. The Doppler shift 
couples the spatial structure of the wave electric fieM profile to thc energy and pitch-angle 
striicture of thc distribie;iorn function. In turn, thc radial drift and neoclassical step si7e of 
eficrgetic particles in EBT are very pitch-angle dependent, with the result that large losses 
occur in the population of particlcs which actiially absorb the wave energy. A 2-D 
Fokker-Planck code ha5 bem used to investigate core plasma heating, iriciudin~ a bounce- 
averaged quasi-lincar heating operator and Coulotaib collisions. h n  rf e!ectric field profile 
is used which maintains consistency betweeri the microwave 
heating rate. We find that most of the rf power i s  absorbed 
getic trapped particles that are transitional between trapped 
poorly confined in EBT-S. 

power flux and the particle 
by passing particles or mer- 
and passing and tend to be 
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(3. I,. Chen, D. R 

The SMOKES 2-83 Fokker- lanck code has been used to investigate core plasina heat- 
ing at the fundamental cyclotron resonance including a bounce-ave ged, quasi-linear fun-  
damental ECW opera tor and Coulomb collisions. Heating depe very sensitively on 
details of the rf electric field profile. A profile is used which maintains corrsistency between 
the microwave power flux and the particle heating rate, Using this profi%e, we find that 
most of the rf power i s  absorbe by passisig particles or cnesgetk trapped partielcs that are 
transitional between trapped a d passing and tend tia be poorly confined inn ERT-S. In 
order to model the direct loss of these transitional particles on open drift surfaces, we 
introducc a lossy region in velocity space with particle lifetime ~ Ig (c ,p )  - t ime for particlcs 
to drift out. We find that substmtial power is lost directly. These processes show promise 
of explaining a nurnber of experimental observations, including the presence of a n  mer- 
getic, anisotropic, locally produced electron tail. Because the transitional particles in an 
EWS device are removed in velocity space from the beating zone: and because the lossy 
region associated with transitional par tides is much asrower than in the bumpy torus, 
ECH in EBS should be much more efficient than in E 

'Lawrence Livermore National J.,aborat,ory, Livermore, Calif. 

(of ~~~~~~~~~ c ~ ~ ~ ~ t r ~ n  ~~~~~ in ATF"75 

R. C. Goldfinger, D. B. Batchelor, and S .  P. Wirduriam 

The ORNL ray tracing code, RAYS, has been adapted to trace says in the electron 
cyclotron frequency range for the ATF stellarator device to be built a i  
magnetic equilibrium model, a vacuum field is produced due to two fil 
windings and four VF coils. The flux surfaces [which define nG.#)] are taken to be ellipti- 
cal in a plane of constant 4 ( 4  = toroidal angle) and to rotate about the minor axis with 
the helical windings. 
f 1 i . n ~  Cartesian coordinate system, The Cartesian wave vector components (KX,  du,, K z )  are 
integrated the conventional way in a fixed Cartesian system, 'X'he ray position, h o ~ e v ~ r ,  is 
expressed and integrated in the flux coordinate system, a = ( p ,  0, $3. 'jl'he RAYS code 

can then make direct use of the naom 3-D MHD equilibrium 
equati-ns, which are expressed in flux c ates. This yields M simpler and more effi- 
cient xa:, t rx ing ,  since it is no longer ry to perform the inversion from flux coordi- 
nates to real space [i.e., to invert ~ Y ( X )  

Work has hegun on modifying AYS to trace rays in a hybri 

- 

- s  -* - 

C. L. Hedriick and E. F. Jaeger 

The use of rf or microwave power to produce heating (or current drive) in toroidal de- 
vices also introduces additional losses. Here we consider losses similar to neoclassical losses 
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except that we consider wave-induced s c a t h i n g  in addition to Coulomb scattea ing. In 
many instances previous neoclassical results for transport coefficients can be extended sim- 
ply by replacing the Coulomb collision frcqaexy by a total scattering frequency. IIowever, 
in many C ~ S C S  of practical interest, thc suprathermal part of thc distribution ftinctioii 
(largely responsible for the losses) is distorted by thc wave-indwxd losses as we:B as by the 
wave heating. In these cases it becomes necessary to solve for the distribution function 
itself rather than its moments [as is usually dona in occ-dimensional (I-ID) transport]. For 
intermediate scattering rates (plateau and above) a reasonably simple procedur~,, vel y simi- 
lar to standard neoclassical, can be followed. 

4.3.7 Abstract of gMicrowave-Indnmd N ~ O C \ ~ S S ~ T ~ I  *rra~2~pm:~”’’ 

E F. Jaeger, C. L. Medricb, and 9. 8 Eatchcloi 

Microwave scattering in pitch angle is included in a simplified drift kimetk equation for 
electrons, assuming a Lorcnt7 collision operator for pitch-angk scattering and moderate to 
high collisionality v / Q  > ( ~ / R I - ) ~ / ’  -- 0.03. A simple estimate of the effect of microwave 
scattering OII neoclassical transport in BBT geometry is obtained by assuming the lowest- 
order distribution function to be Maxwel!ian and irezting encrgy as a parameter. Strong 
absorption of the rnicrowave~ nezr the Doppkr-shifted resonance lcads to relatively rapid 
pitch-angle scattering for high-energy particles ( 1 / 2 m v 2  > k T )  with largc parallel velocity 
( q / v  > 0.5). This el.;Lanced effective collisionality can increase thernxd condwtivity by as 
much as an urde: of magnitude, degcnding on the tempsrature o f  the assiimcd Maxwellian 

4.3.8 Abstract of “Full! Wave Treatment d Wzve Propagation In a ‘ ~ ~ r ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l  
Cavity ~ o n t a i n i ~ g  GOM ~ i a p s r n a ~ ~ ~  

k. F. Jaeger, J. H. Whealton,* H. Weitewer, and D, B. Batchelor 

For many laboratory phsrnzs irn which low-frcqnency, long-wavelength rT fields are 
present, the geometrical optics assumptions arc not valid, and a full-mve treatment of 
wave propagation is desirable Recently, finite diflerence techniques have been applied to 
calculate electric field components and resonant frequencies in 3- I9 cavities in a vacuum. 
‘I’his involves solving Maxwell’s equations with the constraint V . $i: = 0. IIowever, with 
the introduction of cold plasma in the cavity, the constraint V . E = 0 is violated and the 
system of equations becomes highly degenerate, causing the vacuum technique to fail. We 
therefore reformulate the problem in terms of the electromagnetic potentials A and 4 with 
Coulomb gauge V .  A = 0. rhis allows calculation of field component shapes and 
resonant frequencies for cavity modes in the piesetace of cold plasma. 

‘Plasma Technology Section 
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ski,* Y-K. ha. Peng,* and W. A. Hoanlberg 

'The processes involved in noninductive current drive (rampup, current maintenance, 
and tsansfwmer recharging) are examined for an ignition-size tokamak [ e.g., the Toroidal 
Fusion Core Experinnent (TFCX)] using an ~ ~ ~ ~ ~ ~ ~ ~ n ~ - ~ ~ ~ ~ ~ ~  eraion of the WXSIST 
tokamak transport code, which includes a saanpllfied lower hybri current drive (LHCD) 
model with assiimed rf-driven. current density profiles. 'I'he purpose of this study is to 
obtain information regarding the Bower hybrid QLIX) wave power and nll(r,t) spectrum 
requirements necessary to support a specified ,B,fdr3t) as a fwietion of the evolving plasma 
parmeters ne(r.t), YL(r,i), etc., pcaioidal magnetic Field p(r,c), and programmed i!&*t). 

Substantial variation in the wave frequency and nlj spa t rum is anticipated from adiabatic 
cvmpression effects as the n i a j ~ r  radius is reduced in size to aeconiinodate the minor 
radius expansion. Tba: optimum rf-driven current density profiles for transformer recharg- 

investigated. F.'inally, a comparison of model results arrd PirEnceton Large Torus (PLT) 
current drive experimcntai data is presefifed. 

ing as well as 1 e required recharging tixnle in the presence of flux diffusion are 

'Fusion Engineering ~ c s i g n  Center. 

stnact of "Second 

M, n. Carter," ill, B. Batclielor, and J. D. ~ a ~ e n  

hen electron particle orbits are trapped very near the second-harmonic cyclotron 
resonance, quasi-linear heating theory breaks down aaad nonlinear effects become irnprtant 
for particles with sinall q / v .  Wwnierical studies, as well as a multiple time scale analysis, 
demonstrate that when the change in e ~ y ~ ~ ~ ~ e ~ ~ e ~ ~ ~  due to the relativistic mass shift, 

~ ~ r ~ ~ e n ~ ~ c ~ ~ ~ ~ ~ ~  propagating wave and IBol is the strength of the static magnetic field, 
nonlinear energy growth begins to saturate. 'rhis effect is important even for low-energy 
electrons (-20 eV), resulting in periodic nzotion with energy excursions on the order of 5 

the order of 100 to eV on time scales several thousand times the gyroperiod. Small- 
angle Coulomb collisions and other p h a s ~ - ~ a n ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  processes can cause net heating 
from this otherwise periodic nonlinear behavior. A Mo te Carlo code has been used to 
determine the dependence sf heating on collisionality a n  the possible effects on the elec- 
tron distribution function. For highly collisional regimes, collisions annihilate the cnergy 
excursion behavior, while in very collisionless regimes, the randomizing process and the net 
heating efficiency arc reduced. Analytic formulas arc derived which describe the large 
energy excursions and their repetition time scale in i t  mildly relativistic limit. Utilizing 
these characteristics of the nonlinear energy excursions, estimates of the net heating rate 

(y - 1 )Qo, i s  on the order of QJF, ]/I 1) where IEI is the rf electric ficld strength of a 

to 10 times m c 2 ,  w E _= ellEI/mccd SZo~E[/wIB,~ . In EBT, such excursions are on 
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as a function of collisionality are made and compared with the Monte Carlo numerical 
results. 

'University of Wisconsin. Madison 

4.3.1 1 Abstract of ""Absorption, Reflection, and Mode Coupling at the Second Cyclstro 
~essnaace  in a weakly Relativistic, 1~~~~~~~~~~~~~~~ ~ ! a s n i a ~ ~ '  

K. Imre,* 11. Wcitzner, and D. B. Hatchelor 

The relativistic linearized Vlasov equation is rescaled and solved in the boundary layer 
at the second electron cyclotron harmonic, where it is known that the geometrical optics 
approach bieaks down for a perpendicularly stratified plasma with 7ero (or small) parallel 
refractive index. The full-wave equations valid in the boundary layer are then obtained by 
calculating the currents and substituting into the Maxwell equations, which yields a 
fourth-order differential equation for E. I'his equation is numerically integrated from the 
high-field side to the lowfield side across the boundary hycr .  The asymptotic form of this 
equation, which corresponds to the nonrelativistic case, is solved by quadratures and 
expressed analytica Ily in the high- and low-field sides. These solutions arc niimerically 
matched to the solutions of the weakly relativistic full-wave equation. The latter, which 
correspond to the incoming and outgoing cxtraordinary waves and quasi-electrostatic 
waves, are recombined to give the solutions of three physical problems, narnely, X-mode 
incidence from cither side and ordinary-mode (0-mode) incidence from the low-field side. 
I n  the outer region, treated by the standard geometrical optics, the appropriate Poynting 
theorem is derived, which enables ofie to calculate the fractional energy associated with the 
wave and the particles in a given mode. We have calculated the transmission, reflection, 
mode conversion, and absorption for the three problems mentioned above. The nonrelativis- 
tic case, which is expressed analytically, shows that the incident energy which is not 
transmitted is mode converted (or partially reflected in the low-field-side incidence), thus 
yielding zero absorption. The wcakly relativistic treatment yields the fractional absorbed 
energy due to the broadening. The results are presented in terms of two parameters, 
namely x = (w,/w>2 and q 2 t ,  w!!e~-.e q - v,/c is the smallness parameter arid t is the 
characte%itic scalc length for thc external field normalized to the free space wavelength. It 
is found that in general the absorption in the low-field-side incidence is higher due to the 
smaller mode convcrsion rate. 

'New York University, New York. 

4.4 CONFINEMENT OPTIMIZATION AND INIFWOVEMENT 

'Ihe confinemcnt optimization and improvemeat effort integrates physics results from 
MHD equilibrium and stability, transport, and heating studies in order to devise ways of 
improving confinement in toroidn: systems. Three main approaches are followed The first 
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approach, optimization of magnetic fields to iniprove equilibrium and 5t;ability properties of 
the plasmas, i s  priniarily directed toward designing new stellarator configurations. The 
basis tools iiscd are vacuum magnetic field, orbit, and M D codes. The optiniid:ation and 
the control of the electrostatic potential are pursued in order to improve transport proper- 

consequent benekial  impact oh1 overall plasma confiraeanent, much emplaiisis i s  also given 
to improvement of particle and impurity control at the plasma edge. 

The other two approaches are followed bo iniprove the performance of previoansly deter- 
mined configurations such as ATF or E S. Ilawever, the goals are not limited solely to 
finding improved ~ o ~ f ~ g ~ ~ r a t i ~ ~ s  or regin: of imprtsved c o ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~  fanaotkacn very inqpor- 
tant goal is to provide ways of experinnentally varyiiig hasic parameters that arc thought ?o 
be crucial for g]lsasrna confinement so as to test applicability of the ~~~~~~~~a~~~~~~ ~oncepts. 

Attractive new stellarator configurations have been discovered, arad old nnes have been 
investigated irr more detail. hq important i ~ ~ ~ ~ ~ ~ ~ ~ ~ n t  was added to the basic ATP; con- 

idea permits practical acccss to h5e second stability regime through the C Q ~ I ~ K O ~  of the rota- 
tional transform and magnetic val l .  

Ith the flexible he l ix  ccaacept we have traasfornned the basic Eneliac c ~ ~ ~ ~ ~ ~ ~ ~ t ~ o n  
into a practical and attrrxctive cxpeiimental device. Stu ses of oaller hzliac ~ o ~ ~ f ~ ~ ~ ~ ~ ~ ~ ~ ~ §  
br-nd shown breakup of the flux surfaces a i  very low values of beta. We realized that this 
breakup could be avoided by carefu iy controlling the shear and transform to avoid rationzl 
surfaces within the plasma. Very lo shear and a sufficiently irrational transform value are 
required. By intro ucing a helical h:ard cnre wrapped around the usual circular hard core, 
enough configurat nal flexibility i s  obtained to: 

e keep very low shear, 
* 
* 
e 

0 obtain deep magnetic wells. 

This concept is the basis for the design of the T.I-I1 device, to be built by the Junta de 
Energia Nuclear (JEN), Madrid, Spain. The design is being carried out as part of a 
collaboration between RNL and JEN. The coil configuration is illustrated in Fig. 4.6, 
and some of the effects of the Q = 1 hard-core winding are illustrated in Fig. 4.7. 

A low-aspect-ratio, El - 2 torsatron (A, - 3) was developed by applying triangular 
shaping of the cross section of the helical coils. This shaping permits edge transforms close 
to one and therefore maintains good equilibrium properties. A modular version of this con- 
figuration that uses ~ y ~ ~ ~ i r o ~ - ~ y ~ ~  coils was also developed. The resulting design re- 
tained the good transform properties of the ~ ~ n ~ ~ ~ ~ o u ~  version. 

ISybrid configurations were explored, consisting primarily of II = 1 and II -- 2 mix- 
tures. It was hoped that these would combine the large flux surfaces and high transform of 
the Q = 1 devices with the magnetic well of the 2 =; 2 devices. Unfortunately, these 
hybrids seemed to combiiic the worst aspects of the two configurations, rather than the 
best. Similar studies were carried out for P 

tics. In general, such contrcd will depend on t e plasma Renting mechanism. Bccause of the 

figuration when the f l u ~ - ~ o n i r ~ l l e d  tossatron ~011cept WBS incl~ded in the ATF d e s i ~ ~ , .  This 

provide an optimum value for t, 
introduce shear to cancel finite-beta effects, 
explore nonoptinilsrn configurations to test theories, and 

2 and I! = 3 mixed configurations. 
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ORNL- DWG 84-3803A FED 

Optimkation of the transport propel ties through the radial rlectiic field in the EBS 
design can theoretically impiove the confinement propertics of EE1' by an ordc: of mag- 
nitude. 'I'his should overcornz some of tilt: basic limitations in the EET-l/S experiments, 
This particular sptiniizatiorn procedure is a source of ideas for fui  thcr irnprovenxilts in 
tokamaks and stellarator devices. 

'The radial electric ficld has an important effect on the transport of impurities. If the 
plasma is on the electron rcot of the fie!d equation, it may be possible to make the impuri- 
ties exit the plasma. Startup scenarios that favor this choicc of root have been rtudied. 
Also, the deterioration of electron confinement at the plasima center will change the clec- 
tric field. By lowering the magnetic axis tramform in ATF using the VP coils, sawtsoth- 
type oscillations can be artificially stirnrilated. I'his is expected to help thc control of 
impurities in ATF. 

Confinement outside the last closed t T ~ i x  surface is strongly related to configuration 
optimization. Particle and impurity control must bc applied in this region. Stellarators in 
general, and ATb in  particular, limy behave quite differently from tokamaks. In contrast 
to other stellarators, ATT has ergodic field linc :opolegy outride the last closed flux sur- 
face. 'This is believed to be diic to the fact that the edge lies on thc q - 1 surface. The 
helically trapped particles that werc thoughi to be in the loss regisn are actually rnirroned 
by the helical field (XF) coils and return to the plasma 
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Finally, major advances have been made in conjunction with the construction clf the 
ATF coils. These make stellarators more attractive reactor candidates. Techniques havc 
keen devised to provide automated measurement for very complicated large parts with no 
reference surfaces. Using these techniques, the tolerance of molded stainless steel parts has 
been improved by an order of magnitude. In addition, application of the same techniques 
to five-axis milling machines reduces setup times dramatically, because parts can be 
nsachined in their own coordinate systems, rather than that of the machine. 
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4.41  

H A. Carreras, .J. L,. Cantrell. L. Garciac, J. 11. Harris, T. C. PIcnder, and V. F,. Lynch 

Absta%et of “‘TBnr FkXfM4:  we1iWT‘”i 

Thc addition of an J? - 1 hclical winding to the heliac central conductor adds a signifi- 
cant degree of flexibility to the configuration by making it possible to control the iota- 
tional transform and shear. These effects are consistent with resviltq fm helically symmetric 
fkldc, but additional helical harmonics produced by toroidal coupling rn ay also be impor- 
tant. Such control is esselptial for an cxperiment because the presence of low-m resonant 
surfaces in or near the plasma can caiise Sreakup of the zquilibriilm magnetic surfaces. 
The use of an additional helical winding also permits reduction of the total central conduc- 
tor current and deepens the magnetic well at low aspect ratio. 

’1 o further improve the equilibrium hcta limits for low-aspect-ratio configurations, it is 
necessaiy to reduce the toroidal magnetic axis shift. Several ways to achieve this goal have 
been examined. including ( I )  an increase in the aspect ratio, (2)  an increase in the numbcr 
of field periods, ( 3 )  a reduction of the variation of J dP/O by a helical tilt of the coils, and 
(4) toroidal modulation of the cilpd currents. Thc resiilts indicate that an increasc in aspect 
ratio and number of field periods is the rnm; effective means of irnprovemcnt. 

4.4.2 

B. A. Carrerasl €1. R. Hicks, J. A. Holmes, and V. E. Lynch 

AB;.wlr3ct of “Apprsxin.iate F h  Canscrvtng stelhr2m~g~ 

A steady-state stel!arator equilibritiirn is usually assuxrizd to have 7ero current inside 
each flux surface. In this limit, the rotational traimsfoi-rm profile changes strongly with 
increasing beta. The transform at the magnetic axis increases with beta, while the trans- 
form at the edge decreases. This resuits in double-valued profiles even for moderate beta 
values ( F  > 3%). Such profiles can hs, unstable. Therefore, it is desirable to control the 
transform profile inn going to a high-beta regime. This can be achieved by conveniently 
shaping the polsidal magnetic field Using the stellarator expansion, we calculate sequences 
of zero-current equilibria with approximately constant rotational transform profile We 
also investigate the stability properties of these equilibria. We show that, for the AFF de- 
vice, such equilibrium seqtaences can be obtained using the present VF coil system to shape 
the poloidal magnetic field. This mode of operation offers a better way of accessing the 
second stability regimc. 

I I .  R. Hicks, B. A. Carreras, and 3.  A. Holmes 

Equilibrium and Mercier stability properties of various ATF- B plasma configurations 
are analyzed using the 3-D, fixed boundary code BETA. Thc boundary shape is varied to 
study the effects of varying the VF coil currents. This allows control of the iota profile as 
beta is increased. ‘This approach complements other techniques being used to study ATF- 1 .  
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4.4.4 Abstract of 9 = 1 /!? = 2 Torsatron Hybrids”” 

J. A. Rome 

II -- 1 continuous helical tossatrons have large flux surfaces and significant roldticsnn’ 
transforms but usually havc a magnetic hill. 11-2 continuous helical tcorsatrsns hme less 
transform and smaller surfaces but have a magnetic welt. !?E 1/f?=2 hybrids were created 
in two ways: (1) one of the two coils in an 11=2 torsatron was moved toroidally until the 
configuration continuously approached an II- 1 torsatron (when the coils coincided); (2) 
the winding law was nodulated so that the two coils overlapped on either the inside or the 
outside (Q=l) and were apart on the other (R=2) side. Cross-sectional shaping 01 the 
torus was tried. Unfortunately, these designs seem to combine the worst features of the 
Q=== 1 and !?=2 devices, rather than the best. 

4.5 PLASMA MODELING, BURN ANALYSIS, ~ ~ P ~ ~ ~ T I ~ ~ ,  AND PELLETS 

Fluid transport simulation codes represent the widest range of contact between plasma 
theory and experimentally measured quantities. Because of this broa contact, these c 
are used both to interpret experimental results in terms of theoretical models and to pro- 
vide guidance for new experiments. The plasma transport snodeling effort is therefore 
aimed at developing a comprehensive set of simulation models for application to both exist- 
ing and planned toroidal devices. Heavy emphasis is placed on development of  generalized 
models that can be applied to either axisymmetric or nonaxisyinnnetric plasmas. The range 
of application covers small experiments proposed to explore innovations in plasma physics, 
existing devices, and more advanced ignition devices.. Continuity in the models and analysis 
codes, extending across the traditional boundaries of specific confinement concepts and 
plasma parameter regimes, is a very high priority, so that comparisons between various 
concepts and various parameter ranges within a given concept are more useful. In addition, 
the nature of experiments is such that substantial work in the ancillary areas of atomic 
and molecular physics, plasma-surface interactions, and solid pellet ablation m 
required. 

A set of efficient subroutines has been developed for using the solutions of 2-D and 3-D 
MHD equilibria in a large class of particle and energy source subroutines for transport 
modeling and analysis codes. These can be applied to a broad class of advanced tokamaks 
(bean-shaped and very low aspect ratio concepts) and helical devices (stellarators, torsa- 
trons, and helical-axis concepts). Thus, it will be possible to use a common analysis to 
compare the relative advantages and disadvantages of the different types of devices. These 
subroutines have been used to provide the magnetic field nee Sa in the ion cyclotron 
resonant frequency (ICRF) ray tracing codes by Mwang, used at iriceton Plasma Physics 
Laboratory (PPPL) for TFCX studies, and by Brambilla, 
European Torus (JET), and in the ECH ray tracing ccde by 
ISX-B studies; they are being considered for use in a fully 3-D, ICRF/ECH ray tracing 
code having general application in reactor studies. 

A library of modular computer codes and subroutines i s  being developed with intercorn- 
patibility of physics units and input/output for transport analysis of toroidal plasmas. The 

r studies of the J 
or, used at ORNL 
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individual codes and subroutines can be used as stand-alone t~~odules for model develop- 
ment and benchmarking or integrated into a complete transport, code. Comprehensive diag- 
nostics and error analyses are includcd, as are options for qria!ity of graphics. Aniong thc 
computer codes incorporated into the library are PELLET (pellet ablation physics), 
VMOMS (2-D axisymmetric MHD equilibrium), BOX-2D (geometry subroutines for arbi- 
trary chords in an axisymmetric plasma), and a set of graphics subroutines. The clnord- 
mapping subroutines have been incorporated into an analysis code that unfolds bremsstrah- 
lung emission data from the Doublet I11 (DI11) pellct injcction experiments to yield timc- 
dependent density profiles for particle confinement studies. The subroutines have also been 
coupled into the JET transport code for comparison of calculated and measured chordal 
density and radiatioii signals. 

Parametric studies of deuterium-tritium (D-T) ignition devices have been made using 
the WHIST code. For the TFCX device, ICRF heating, currenit drive scenarios, and igni- 
tion margins with various confinement models have been studied. Similar ignition margin 
studies are being performed for compact ( a  == 6.5-m), high-field tokamak plasmas that 
may be candidates for international collaboration. Feasibility studies of higb-Q or ignited 
steady-state stellarator/ torsatrsn systems with 300-500 MW of fusion power indicate that 
such systems show promise of being attractive reactors. Maintenance of an electrostatic 
potential of e4/kT = 2-4 appears to be a critical issue. 

The previous collisional regime theory for plasma rotation and impurity transport in a 
tokamak plasma with strong, directed, neutral beam heating and strong rotation 
(v,,, 9.- v,b) was extended to the plateau regime. As in the collisioiial regime theory, an 
anomalous cross-field transport of toroidal momentum, such as is obsmved experimentally, 
is incorporated into the theory. The predicted impurity transport exhibits features in ag-cee- 
ment with observations in ISX-R and PLT. 

The collisional regime theory was reviewed, and it was determined that anomalous 
cross-field transport of momentum, even in the absence of beam heating, leads to a pa-rticlc 
flux term directly proportional to the radial electric field. Beam heating, or other heating 
that introduces directed nnomcntum into the plasma and impurities, modifies the electric 
field and thus the particle transport, It is expected that these results carry over into the 
plateau regime. 

The treatment, of the collisional regime theory in the IMPTAW code was upgraded, and 
further time-dependent simulations of the evolution of impurity profiles during dirccted 
neutral. beam heating were carried out. 

An atomic physics package for beryllium was developed for use in the analysis of the 
ISX-B beryllium limiter experiment, and a nitrogen package was developed for us&: in the 
analysis of the ISX-I3 pump limiter cxperiment. 

Pellet ablation physics has been extended to neutral-beam-heated plasmas. Stopping 
cross sections for fast-beam ions and electrons in an ionized cloud have been added to the 
original neutral shielding model that was successfully used to model. pellet injection into 
ohmic plasmas. 'I'he effect of cloud ionization in stopping dectrom was shown to be 
minimal; for ions, the net reduction in  ablation was substantial. To help explain 
anomalously large ablation in the scrapeoff region of beam-heated Poloidal Divertor 
Experiment (PDX) and IS?(-B plasmas, model variatiotas that included enhanced fast-ion 
ablation from a combination of large orbits and reduced cloud shielding were developed. 
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The upgraded ablation physics models were applied to pellet injection studies for the 
Tokamak Fusion Test eactor (TFTR) and JET. The effect of uncertainties in the fast-ion 
ablation physics was examined and shown to be less critical than in smaller, intensely 
heated experiments. Pellet needs for both machines have been predicted in collaboration 
with the responsible local groups. 

stsact of ~ ~ ~ t e r s ~ c t ~ o n s  ob a Trajectory with Tokamak or Stellarator Flux 
~~~~~~~~~~ 

S. E. ~ ~ t ~ ~ ~ ~ ~ ~ g e ~  and W. A. Houlberg 

haany ~ ~ ~ e r ~ ~ e ~ t ~ l  and theoretical applications require finding the intersections of a 
ray or particle trajectory (specified ‘in cylindrical or Cartesian coordinates) with a set of 
flux surfaces. We start with any unique transformation from flux coordinates to cylindrical 
coordinates (as from any moments method of solving for MHD equilibria), Both iterative 

noni terative methods have been examined far accuracy, speed, and flexibility in solving 
the intersection problem. Application is made to fully 3-D plasmas. 

strsrct of “Efficient Mapping Algorithms Between Flux Coordinates and 
Real-Space Coordinates for TQH&?~I P11asmasnS7 

S. E. Attenberger, Wa A. Houlberg, and S. I”. Hirshman 

The evolution of plasma properties in toroidal plasmas which possess magnetic flux sur- 
faces is most conveniently expressed in magnetic flux coordinates. However, Cartesian or 
cylindrical coordinate representation is more convenient for evaluating many particle and 
energy sources and for most plasma diagnostics. Computationally efficient algorithms are 
therefore desirable for mapping in both directions. We report here on one such set of algo- 
rithms. This work was motivated by rf heating applications in finite-beta, axisymmetric 
plasmas with noncircular cross sections. However, the methods employed here are appli- 
cable to a much broader class of problems and can even be extended to nonaxisymmetric 
plasmas. 

A poloidal moments representation of magnetic flux surfaces in an axisymmetric 
plasma with up-down symmetry is of the form 

where p is the flux surface label, 
axis, and Z i s  measured from the 

9 is a poloidal coordinate, R is measured from the major 
midplane. The functions R J p )  and Z , ( p )  satisfy a set of 

coupled ODES determined by poloidal integrals of the Grad-Shafranov equation. Typically, 
terms through n = 2 give an excellent representation of finite-beta plasmas with elonga- 
tion and triangularity. 

The inverse mapping may be done using a Newton’s method iteration based on a Tay- 
lor expansion about the point ( p K $ K )  at each Kth iteration. The convergence is rapid for 
typical axisymmetric equilibria. Using a tolerance of O.OO1pmax, about two to five iterations 
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are required, depending c)ii the initial guess for (p,B). On the Cray-1 this requires about 

Once the flux surfacc coordinates are known, n(p ) ,  T ( p ) ,  and 5 ( p , B )  and its Cartesian 
coinponeisis are easily found. There are two possible procedures for finding the gradients of 
these quantities: (1 )  a simple finite difference or (2) application of the chain rule to 
express the gradient in terms of thr. derivatives with respect to p and 0. Both methods 
require comparablc execution time for computing the field gradients 

A scparatc but related problem is to find all intersections of a chord with an arbitrary 
set of fli.ix surfaces for example, those surfaces cn which the plasma density and 
temperature zrc computed b y  a tiansport code. ,4 ray t h r o q h  the plasma may be treatcd 
as a sequence of t lmr chords laid end-to-end. An algorithm has been devised whereby the 
plasma is divided into quadrilateral bins whose corners are given by uniform steps in p arid 
8. Tracking the chord then becomes a simple noniterative procedurc In the present cock 
the entire chord is assurncd to lie in a 4 = const plane. The extension to threc dimensions 
will be the suhjecb of future developmcnt. 

i x lop5  S, typically. 

E. C .  Crramc, Jr. 

Expcrimeots on beam-heated ISX-B plasmas indicate that co-injection reduces the 
accumulation of impoxities in comparison with ohmically heated plasmas. Stacey and Sig- 
mar have reccnily included the strong toroidal rotation induced by directcd neutral beam 
heating in a self-consistent thmry for particle flows within the flux surfaces, the radial 
electric field, and the radial particle transport in a tokamak plasma for both the collisional 
regime and a mixed regime in which the main plasma ions are in the plateau regime while 
the impurities remain in the collisional regime. We have implemented the collisional 
rcgime theory in our basic irnpuritjr transport simulation code TMPTAR and present simu- 
lation results for co-injected plasmas. These results differ qualitatively from our previous 
results in which rotation effects and all other momentum exchange effects were treated 
separately. I hat is, for a model plasma with ion densities and temperatures comparahle to 
those in IS%-€3, (1 )  siriidations 14th thc ncw theory show that co-injection can drive 
impurities out, in agi cement with experiment, whereas (2) simulations with the rotation 
effect theory alone show that cn-injccticn can drive impurities in, in contrast to experi- 
rne~ii Some atteinpt was made to account for the low collisionality of the plasma ions in 
thesc simulations, but the mixed regimc theory must be implemented to adequately repre- 
sent the actual plasma conditions. 

4.5.4 RF-,stra.ct sf “‘Fheory $~~~~~~~~~~~ of the Electrostatic Potentid ia 
Nelaer~~-Be~h~s-8)rjvi3 
T M ‘ M p ~ t ~ ~ ~  

@. C. Crunle, Ji. 

The theory of the calculation of the electrostatic potential in tokamaks is reviewed, 
especially the recent analyses by Stacey and Sigmar, which take anomalous cross-field 
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J. T. Hogan, L,. I anez,* and H.  rad* 
The “ideal” stellarator (<J 

and rotational transform profiles, 
€usion constraints. We have studi 
laratsrs) which arise from: 

ux surface) requires s 
d these profiles are not necessarjly consistent with dif- 
he generation sf currents (in initially current-free stel- 

finite pressure due to external heating, 
the classical “bootstrap” effect, relate o tsrsidal/nnnsnxisymrrretris: geometry; OT 

* djrcct external current S C ~ U P C ~ S  (e.g., or neutral beam  ea^^^^^^ 
We have thus extended the analytic resul?s of Pustovitov, 

’I’be New York University (NYCI) 3-D erarar~I.P-ecpuillbriurn code (3DETC) Reas heen 
used for these studies, with the ~ o ~ ~ o ~ ~ ~ ~ &  ~ o ~ ~ f ~ ~ ~ ~ ~ o ~ ~ s .  

* 
* 

The one-fluid transport rnsdcl incorporates ripple thermal diffusivity. 
Modcl profiles have been adopted for external heating (centrally ~~~~~~ and for 
~ ~ ~ y c ~ ~ n g / r a d ~ a ~ i ~ ~  loss (increasing toward the edge). 
An external current source has been a * 

While the transport model i s  relatively simple (one-fluid, model profiles), it fulfills the 
requirements of the “method of given pressuren proposed by Shafranov an 
which the evolution of rotational transform is studied with rn el ~~~~~~~~~~~ about the 
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coevolving particle and em-gy balance. In addition, it provides a se!f-consistent 3-TI 
geometry. The transform Gvolutim equation is 

whxe A is a classical version of the bootstrap current, x is toroidal flux, acd -1’ is the 
extcrnal currcnt source. 

We fine that significant evolution of the rotational transform occurs on thc skin tirnc, 
stimulated by each of the mechanisms mentioned above Configurations based on the ATF 
torsatrorn have been specifically chosen for study. 
-- __ - _ _ -  

‘New York University, New York. 

4,5,7 Abstract oaf ‘%otatka and hpori ty  P b w  Reversal ia Tokamak P5asn~as with 
Neutral Be%&% IPaijeeQio3i”’~ 

W. M. Stacey, Jr., A. W. Bailey,* and D. J. Signiar 

We have extendd our previous collisional rcgime theory for rotation and impurity 
trampoat in a tokamak plasma with neutral beam injection and strong rotation (va -- vth) 
to the plateau regime, which accommodates the important case of the main ion specks 
being nearly collisionless and the impurity species being collisional- the mixed rcgime. 
This extension required a kinetic theory solution for the unavxaged as wel! as for thc 
averagcd para!leE viscous force B V .  s1 with largc iotiitioaa velocities and th? incorporation 
of this viscous force into the fluid formalism. We al!ow for acorndoits idd,  viscoiis 
transfer of toroidal momentum, as indicated by experimental data. The theory provides a 
sclf-consistent formalism for calculating toroidal and poloidal rotation velocities, the radial 
particle fluxes, tho radial electric field, and the poloida’l variation of the impurity density 
over the flux surface. 

The theory has been applied to interpret innpurity injection experiments in IS%-B and 
PLT. We find a good correlation between the predicted impurity fluxes and the experirncn- 
tal observation of enhanced inward impurity fluxes with counter-injection and reduccd 
ifiward or, for sufficiently large injected power, reversed (outward) impurity fluxes with 
cs-iajzction. 
_ _ _ _  _ _ _ - -  

‘Georgia Institute of Technol~gy, Atlanta 

4.5.8 Ahatraclt of R o i ~ t i m  m d  lmpnrify Trmspw$ isll CK 7’~kmmak with Directed 
Neutral Ream Iajeetio~’~ 

W. M. Staccy, Jr., and D. J. Sigrriar 

Wc have extended our previous collisional regime theory for rotation and impurity 
transport in a tokamak plasma with strong, directed neutral beam injection and strong 
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anomrnlous encrgy relaxation. Such effects influence the attainable burn paraineters in the 
U T  (Lawson) diagiam. It was shown that D, > lo5 cm2/s will pievent ignition in a device 
of IN  TOR dimensions. 

The effects of thc alpha particles that are created wheil tritium pellets are injected into 
neutral-beam-heated deuteriiam plasmas in TF'TR were also studied using combincd 
Fokker-Planck and transport modeling 

'4 gyrokinetic, description of hot spccics effects on high-n ballooning m d e s  has been 
developed. It is valid for mode frequencies of the same order as the hot specks drift fre- 
quency and has been applied in ihe deeply trapped limit to alpha populations in tokamaks. 
Detailed numerical solutions have becn carried out for TF'1'K parameters near breakeven. 
Ihe results indicate that if thc alphas are sufficiently well confined to form a slowing- 
down distribution of meail eraergy within 100 times the background temperatuie, then 
resonnnt interaction with the alpha precessional drift occurs, degrading ballooning stability 
boundaries and closing off access to the second stability regime. 

Since the alpha velocity at 3.5 MeV approaches the electron thermal velocity, coherent 
'I homsoii scattering by the Debyc. shielding cloud surrounding the alphas becomes measur- 
able. Using numerical techniques, calculations were started of the scattering function 
S(K,W)  for light scattering from alpha particles, including the cffeet of the magnetic field 
and the sensitivity of the scattered signal on the orientation with respect to B The 
approach continues to look promising for application to fusing plasmas 

4.6.1 

D. A. ~ p o n g ,  D. J. Sigmar, K. T.  sang,* W. A. cooper, and D. b. Hastings 

Using the gyrokinetic formalism of Catto et al., we solve the coupled irxtegrodiffcrential 
equations of the kinetic ballooniiig mode oioblem in a tokamak reactor plasma, including 
the frequency regime of thc toroidai precession drift resonance. TWQ types of appi-oxima- 
tions have been crirnsidercd to simplify these equations. First, model hot species distribution 
functions which result in tractable velocity space integrals have been used, leading to a 
singlc integrodifferential equation along a field line. Second, approximations which reduce 
the configuration space dependence of the hot species, but still retain the resomnt nature 
of the vclocity integrals, can be shown to lead to a single, inhomogeneous, ODE eigenmodc 
equation. Both analytic and iiuinerical solution techniques will be employed in solving 
these equations for the case of a dowingdown alpha distribution in a tokamak reactor. 

Abstract of "Effects of Ttapped Alpha Particles OR Ball00 

'Science Applications International Corp., Boulder, Colo. 
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4.6.2 Abstract uf “Effects f a-Particles mi CB2 Laser Scsatteri g Faom a ~~s~~~ 
~ l a s r n a ~ ’ ~  

I,. Vahala,* G. Vahala,’ and D. J. Sigmar 

Since it i s  crucial to understand the spatial, velocity space, and temporal effects of 
alpha particles on the bulk plasma, we investigate the possibility of using COZ Iaszr scat- 
tering from a fusion plasma to determine the alpha particle distribution function. Thc scat- 
tered power is dependent on the scattering function SKgU~ S i s  dominated by the fluctuating 
electron density which, for coherent scattering, is calculated by the ostoker test particle 
picture. The kinetic shear AlfvCn wave is destabilized by the alpha particles. A resonance 
in the associated dispersion relation will lead to a large contribution to the scattered signal, 
increasing significantly the intrinsically small signal-to-noise ratio. We investigate the 
scattering cross section and the parameter regimes in which the alpha particle contribution 
to the Alfvkn fluctuation is detectable. 

~ 

‘College of William and Mary, Williarnsburg, Va. 

4.7 EXPERIMENT ~ ~ ~ ~ R ~ ~ E ~ A ~ ~ ~ N  

Preparations for ATF data interpretation and modeling have begun. Three levels of 
sophistication will be employed. At the most basic level, nieasurements of plasma tempera- 
ture, density, and magnetic fields will be uqed to provide simple estimates of gross energy 
confinement time and plasma beta. This level of interpretation r ires an equilibrium 
model for the plasma shape and position, so that point or line mea inents may be con- 
vertcd to volume-integrated quantities, To this end, the 3- se e q u ~ ~ ~ b ~ i ~ ~ ~  solvcr has 
been refined and improved to the p i n t  that it is now a computational tool. An 
efficient linear ray tracing a integrating subroutine has been developed to be used with it 
for calculating signals from gnostics that make chordal measurements, such as the line. 
averaged density interferometer and soft x-ray detector arrays. A stu y \las heen done to 
determine the accuracy of measurement of the equilibrium using a line-of-sight diagnostic 
(such as a laser) as a function of the orientation of the viewing chord. Also, a preliminary 
s % E I C P ~  has been made of the accuracy of d e t e r ~ ~ ~ ~ n ~ n ~  the niagrietic beta and plasma 
currents from external magnetic loop signals as a f ~ n c t i o i ~  of loop placement, At the next 
level of interpretation, radial flows of heat, particles, current densi tyl and toroidal momen- 
tum -ail1 be studied. At the most sophisticated level of interpretation, theoretical models for 
plasma transport will be used to attempt prediction of measured plasma parameters. At 
this level, the effect of a radial potential on plasma confimemcnt and net toroidal currents 
driven by neutral beam heating may be studied. 

In the past year, work 011 tokamak experiment interpretation has been carried out in 
c ~ ~ ~ i a b ~ ~ a t i ~ n  with the ISX-B experimental group and in association with the teams work- 
ing with DllI [GA Technologies, Inc. (@A) and Japan Atomic Energy Research Institute 
(JAERI)], the Poloidal Beam Experiment (PBX), and TFTR. The Z-mode confinement 
improvement on IISX-B with profile modifications has bezn shown to be consistent with 
predictions of the Carreras-Diamond resistive balbosding theory when diamagnetk drift 
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stabilization effects are included I n  addition, Monie C a d s  modeling of thc depth of neon 
penetration in ISX-M Z-mads, discharges has shown that the density profile modifications 
of the magnitude required for diamagnetic drift stabilization are consistent with the prob- 
able density and mean energy of limiter-rsflected neon. It has also beern found that cross- 
field pal ticle diffusivities i n  the 5crapeoff icgion correlatc with rlleasuicd edge density, 
temperature, and potential fluctuatiori kvels in ISX-3. 

'The pellet ablation modelc discussed in Sect. 4.5 were u s d  to i1ite-i-prct data from 
ISX-B, DIII, and P3X.  Although the magnitude of the apparent p c k t  mass loss iri the 
scrapeoff regions of ISX-H and PMX m i l d  be cxplained using the qualitative edge model, 
there was not enough expeiimental information on fast-ion populations i n  the edge region 
to yield dctailed confirination of the model. The mode!s for pcllet ablatioii di~ring inicnse 
beam heatirig were used in a detailed analysis of DIII results for beam powers up to 
4.5 MW. This analysis showd  the ivnporiaiice of the fast-ion flux in determining the 
depth of penetration, and the observed depth has been bracketed. Enhanced ablation in ihe 
scrapcaff region was not observed, which is iri agreement with the qualitative edge model. 

The 2-1) versim of thc C9ak Ridge Momeats Equilibrium Code (ORMEC) has been 
integrated with the PPPI TRANSP analysis code in a joint ORNLJPl'PI, project. The 
coupled codes have been uwd to model TF'lK compressiorn cxpei-iinents and to analyze 
PBX data ORMEC is particularly well suited to t r c a t i q  the many monil:ot amplitudes 
requircd to describe the complex bean-shaped PMX plasma 

The Stacey-Sigmai thcory for impurity transport in plasmas with intense bemi heating 
(see Sect. 4.5) has becn used in simulations of ISX-B and PET plasma experinxnh to see 
whether the differences i n  observed inpurity behavior between cc- and counter-injection 
are explained by it. When observed ISX-B toroidal rotation ve'lscitim are used in the 
timedependent IMPTAR simulations, qualitative agreement is found for a reasonable 
choice of the cmpirical anomalous cross-field mornzntiim diffusion coefficiant. However, 
for conclusive compai-isocs using IM;' FAR, a rnorc complete description of that anomalous 
diffusion is needed. The GeQigia Tech gioup headed by Stacey, on the other hand, finds 
more conclusive agreement with ISX-B and PL'I' data from their simulations. 

Considerable progress in iaaJerstanding thc various aspects of EBT operation 'byas made 
in the past year. The insights gained from heating calculations, whish spanned this and the 
previous year, were supplemented with a 2-D, multiplc-fluid theory based on insights 
gained from experiment. This theory has bccn carlied to the point that the asymmetry in 
the electrostatic potential car1 bc calculated aaalytically. 'The analytic formulas are in rea- 
sonable agreement with experimental observations from EB'Z -1/S and predict a reduction 
of several orders of rnagnitudc: in the asymmetry for hBS. Further Monte Carlo calcula- 
tions have substantiated the previous preliminany estimate of a degradation of one to two 
orders of magnitude in the lifetime due to the asyminetry in the electrostatic potential in 
lE,BT. The 2-D, nultiplc-fluid theory, which combines clcrnents of equilibrium, transport, 
and heating, is of geneial interest for other mag ic configurations, especially in high- 
temperature, low-collisionality regimes of operation. 
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L. A. Charlton, K. M. Widand,' and G. 1%. Neilsont 

Poloidal magnetic ~ e ~ ~ ~ r e ~ ~ ~ ~ ~ ~ ~ s  of the niulti le moments of the toroidal current den- 
sity and of the external multipole fields: provide jrxfmmatisan on the currcnt profile in 
ISX-B. This can bc used to prescribe a foran for the current profile which produces a n  
equilibrium consistent with prolile measurements, magnetic data, and the (a = 1 surface. 
This prccedure has becn applied sa tk fdc tdy  in a winmkicr of cases, several of which are 
presented here. 

E. C. Crurne, Jr., and D. E. Arraurius 

Experiments on beam-heated E X .  and PLT plasnias isadicate that ~ ~ ~ ~ t ~ r - ~ ~ j e ~ t ~ o ~  
leads to ~ n h ~ ~ ~ e ~  accumulation of irn ritics and co-injection leads to reduced accumula- 
tion of impurities, relative to ohmically hmted plasmas. Stacey and Sigmar have recently 
included the effects of thc strong toroidal rotation induced by directed neutral beam heat- 
ing in a self-consistent theory for particle Rows within the flux surfaces, the radial electric 
field, and the radial particle transport in a tokamak lasma with directed neutral beam 
injection both in the collisional regime and in a nmixe regime in which the main plasma 
ions are in the plateau regime while the: iin urities remain in the collisional regime. 

egime theory in our basic impurity transport 
$ ~ ~ n ~ l a t ~ ~ ~ ~  code, 1 . and present here simulation results for both co-injected and 
counter-iqjected plasmas. These results are ~ ~ ~ ~ ~ ~ ~ t ~ v ~ ~ ~  similar to results rzported previ- 
ously for ~ ~ ~ ~ ~ ~ ~ t ~ o ~ ~ s  in which the rotation cffects and a11 other momentum exchange 
effects were treated separately. That is, for pXa as with ioii density and temperature gra- 
dients comparable te, those observed in %SX- ( 1 ) enhanced impurity accumulation i s  
observed in simulations of counter-injected plasmas and (2) impurities are initially driven 
out sf the plasma during co-injection, but after large rotation speeds are reached, there is 
a tendency far the ~ ~ p u r i t ~ ~ s  to be driven back into the plasma. Although some attempt 
was made to account for the low colilisionality of the plasma ions in these simulations, 
i ~ ~ ~ ~ ~ ~ e n t a t ~ ~ ~  oi  the mixed regime theory i s  required to adequately represent the actual 
plasma conditions. 

We have ~ i ~ ~ ~ ~ ~ e n ~ ~ ~  the collisional 
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4.7,1.3 

H. C. Howe, D. Schiiresko,* and W. A. IIsulbcrg 

6 h A ~ ~ o m ~ I o ~ ~ ~  Pe&v Ablaliufi in 9SX-B ~ ~ § ~ ~ ~ r ~ ~ ~ ~ ~ ~  

Relatively large hydrogein pellets (radius = 0.8 mmn) have been injected into beam- 
heated ISX-B discharges (P,", 7 1.7 MW). The observed plasma density increase due to 
the pellet (3Zc = 5 X was approximately 50% of the increase (AKc 7 
predicted by the Milora-boster pellet ablation model, including fast-ion ablation. The 
observed and predicted penetration depths agreed. To obtain agreement between the 
observed and predicted An, while retaining the penetration depth agreement, it is neces- 

sary to assume thdt ( I )  only 50% of the pellet mass is deposited in the plasma and (2)  fast 
ions do not abiatz the pellet in the main plasma. The corresponding hypotheses for these 
two effects are ( 1  ) anomalously large pellet ablation outside the main plasma, perhaps due 
to fast ions on outwardly shifted drift orbits, and (2) complete attenuation 
in the main plasma by the small ionized fraction of the pellet-cloud density. 

of the fast ions 

'Plasma Technology Section. 

47.1.4 ""Toroidal Flow ?analysis of ISX-%a Density an Temperature ~ r o f i l e s ~ ' ' ~  

R. M. Wieland,* E. A. J,azarus,t M. Murakarni,? J. D.  el^,* W. A. Cooper, 
S. P. Mirshman. and G. H. Neilson** 

Near-tangential injection of up to 2 MW of neutral beam power into ISX-B plasmas 
results in toroidal flows measured spectroscopically to be -lo7 crn/s. Using simple force 
balance arguments in a shape analysis of some Thomson scattering temperature ( T e )  and 
density (n,) profiles, we attribute the relative asymmetry of ne with respect to the flux sur- 
face defined by T, to centrifugal effects alone and extract an "effective" flow velocity pro- 
file for the bulk plasma. The ZORNOC confinement analysis code has been modified to 
explicitly include this flow in the MMD part of its operation, and the resulting calculations 
for the piasma shift, diamagnetism, and Shafranov A show good agreement with those 
same parameters determined from magnetic measurements. 

'Formerly with Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc. 

'Toroidal Confinement Physics Section. 
komputing and 'Telecommunications Division, Martin Marietta Energy System, Inc. 

Present address: Princeton Plasma Physics Laboratory, Princeton, N.J. 

.. 
Confinement Projccts Section. 
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.7.1.5 ~~~~~~~~~ ~~~~ 

K. E. Yokoyama,* H. @. Nswe, D. P. f-Jutchinsoal,t K. C. I ~ l c r , ~  E. A. L a ~ a r u s , ~  
** 

. Musakami,$G. M. Neilson, and A. J.  Wootton‘ 

Particle confinement in twth ohmically heated and beain-heated tokamaks is studied, 
Global confinement is measured from kraown sources and densities. Recycling is monitored 
using D, detectors around the iaaachinc. Langmuir probes are used irn the scrapeoff layer to 
obtain density and temperatiare gradients both across and along the field lines, from which 
the perpendicular diffusion coefficient and particle confinement times are estimated, 
Results show increased edge diffusion fullowing beam injection in the co-injected direction. 
If balanced in,jection or ~ ~ ~ ~ r ~ t ~ ~ - i ~ j ~ ~ t ~ o n  i s  used, the diffusion cmfficient is decreased. 
Outward radial displacements of the plasma column also decrease the diffusion coefficient. 
The different scrapeoff kyer  parameters prodwed are compared with the predictions of a 
1-U transport code in which simple ~ O S S  terms are included with various boundary condi- 
tions to simulate parallel flow to limiters. 

*Formerly with Toroiddi Confinerncnt Physics Section. Present addrcss: T w, Inc., Wedondo HeiLch, Cabf. 
+Physics Division. 
$Toroidal Confinement Physics Sect ion. 
** Confinemsnt Project5 Section. 

4.7.%,4 

A. W. Bailey,* W. M. Staeey, Jr., and D. J .  Siginar 
nt effects, is used to 

model experimentally observed impurity transport i Comparison is made 
with the PLT impurity fluxes determined by Eanies from chordal radiation measurements. 
Experimental observations by Suckewer et al. are also modeled. The line radiation 
observed in EX-B as a function of time from specific impurity lines is compared with the 
predicted line radiation. 

“Neutra1 Beam Driven ~ ~ p ~ r ~ $ ~  Flow eversal in PI,T and ISX- 

The Stacey-Sigmar formalism, extended t~ incl 

‘Georgia Institute of ’Technology, Atlanta 

4.7.1.7 

D. C. Robinson,’ N. R. Aimworth,* M. W. Alcock,* 13. Atkinson,* P. R. Collins,* 
A. N. Dellis,* T. Edlington,* A. Ferreira,t Q” 
A. MI. Morris,** M, O’Brien,* B. Parham,* ‘4. C. 
S. Takamura,tt and T. N. Todd* 

“Limiting B ~ ~ ~ ~ ~ ~ i ~ ~ ~ i o n s  at LOW ~ ~ ~ ~ ~ s i o ~ a ~ ~ t y ~ ~ ~ ~  

T. C .  €lender, Z. Ma,$ 
hihe,* D. F. H. Start,* 

Electron cyclotron heating has been employed at high power densities OR TOSGA (R/a 
2 3.5, R = 0.3 m) and CLEO (R/Q = 7, N -- 0.9 m) to investigate the limiting beta 
value in tokamaks of differing aspect ratio. The influences of both q and a toroidal helical 
field were studied. The studies have been principally conducted at the second harmonic at 
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28 G I ~ L  a d  60 GHz and with power he!s  of up to 2010 kW. During the Lcating on both 
deviccs, the ratio of absorbed rf power to ohmic heatilig power can Fz > I O ,  rhe electron 
temperature above 3 keV, and the collisionality such that v: d 0.01. As the pi)"r'cr is 

increased, beta saturates, indicating a decrcasc- in confhenent which is accompanied by an 
increase in the magfietic fluctuation level. Average bc:a values of 0.2% havc beern achievcd 
in an R =; 3 helical configuiation in CLFO. Profile modification expeiiments show the 
suppression or enhancement of sawtusih activity and produce I t c  7 2 activity which may 
lead to a disruption. 

*UKAt:A, Cirlham Laboratory, .4bingdon, Oxfordshire, England 
tCorniss~o Nacional de knergie Nuclear, Brazil. 
$People's Republic of China 

Balliol College, Oxford University. 
'+Nagoya Ilniversity, Nagoya, Japan. 

*. 

D. B. Batchclor 

A much more SatiSfaCtoiy understanding of the core plasma in LET-S has been 
obtained from recent impiovennents in diagnostics (Tkomson scattering and heavy-ion 
potential probe, as well as iinterferometrp and soft X-rays at the mirror throat) am1 from 
thcoretical insights into the unique features zf FCH in miiros gcomctry. The expeninments 
indicate the presencc of a cold, isotrcpic bulk connponeni which i s  collisionally licatcd by 
an energctic (--0.5-kcY), anisotropic, locally produced i d .  'This resolves a long-stanilitig 
discreya ncy between electron temperature measurements obtained from Thornson scatter- 
ing vs soft X rays. The theory shows that the Iliiciowaves are very heavily dampcd before 
reaching the resonance laycr and that, due to the Doppler effect, there is veiy strong cou- 
pling among the spatial structure of the wave fields. ahc velacity space structure of the dis- 
tribution function, and thc particle ard energy confinenat .  The result is that wave power 
is most strongly absorbed by encrgetic passing ~r transitional particles w!me confinemcat 
is poor. We will review the experimental data, describe the theory in simple physical terms, 
and prcsent detailed rokker-Plsnck modeling of the distribution function. We wil! also 
indicate how the nct heating efficiency is cxpected to improve in the EBS and how similar 
effects are to bc expectcd iii other devices. 

4.7,22 

D. H. Batchelor, the EH r Expcrinnental Group, and the EBT 9 heory Group 

" " C U ~ S ~ B ~ ~ S O P P  of EEertroa.Cyclotron Xlesthg 3bem-y sed Fxpesiin mt ia EWI"PQ5 

The first objective of the prograx of ECH studics on Ei3T was to understand the gross 
features of microwave power flow and. power deposition in Each of the piasma components. 
This was accomplished by using ray tracing and by developing a zero-dimensional (0-11) 
wave-energy balance model that takes into account the many passes through the plasma 
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("micacclassical"). 'I'he t t i d  process is direct losses due to scattering onto unconfined drift 
orbits-which has formal aspects similar to a mirror loss cone. The relative importance of 
these processes varies with conditions and is the subject of current research. It is interest- 
ing to note that they all are reduced by improved orbits such as would occur in the b.BS 
(see Fig. 4.8). Because the drift orbits in the EBS are much better centered, and because 
thc transitional region is much narrower in pitch angle and occurs at larger vll/v than in 
EBT-S, all three processes arc reduced in EBS. 

Fskker-Planck calculations of the distribution functions in the presence of second- 
harmonic heating as a function of radius and energy have indicated that a population in- 
termediate in energy to that of the core and ring plasmas will form. This population 
becomes increasingly localized in radius near the position of the second-harmonic reso- 
nance as energy i s  increased. IIerc we discuss the orbit, heating, and loss ideas which lead 
to the conclusion that this population could be controlling the ambipolar potential in  
piesent EBT devices. It is noteworthy that this population is predicted to be asymmetric 
because of high-energy particle orbit asymmetries. For devices such as the EBS, the high- 
energy orbits are much more symmetric and would lead to more symmetric ambipolar 
potentials. This in turn would lead to greatly reduced losses associated with the Bowenergy 
particles, which are strongly influenced by the ambipolar potential through E X S-P drifts. 

Since part of the motivation for considering a bumpy square as an alternate to a 
bumpy torus comes froin the siinultancous evidence in EMT-S of a substantial population 

a Ei 
Fig. 4.8. ~~~~~~~~~~ of (a) the standard @BT mal (b) t e EBS ~~~~~~~~~~~~~" The toroidal effects on par- 

ticle drifts in the EBS are greatly reduced by increasing thc ratio of the "ccmer" magnetic field to the bumpy 
field of the sides. 
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of hot electrons (7‘ - 2 3Tbulk) and of a substantial energy loss channel [ T  - 
0.1 -0.3T(neoclassical)], we have analyzed the formation and properties of energetic elec- 
tron distributions, taking into account the radial structure of both heating geometry an 
particle drift surfaces. 

The calculation is based on taking moments of spatially segregated, ~ o ~ k ~ ~ - ~ ~ ~ ~ ~ ~  
equations describing appropriate heating and loss processes. Results include the spatial 
structure, density, electron distribution, equivalent temperature, and anisotropy o f  the hot 
component and an estimate of the energy flow out of EBT due to this component (direct 

For the hot component, density accumulates by microwave pumping of cooler particles 
into the tail and is lost by scattering into the loss cone (VI ---* vi/). nly a narrow slice af 
velocity space is populated by the hot component, because at V_L < vi1 particles are lost 
rapidly, while for vI 3 1.6~11 their orbits no longer encounter the first-harmonic resonant 
heating surfaces and stop their runaway behavior. We calculate Ttail and find i t  consistent 
with soft X-ray temperature diagnostics. We calculate the density of this warm tail; again, 
the results are consistent. The energy loss is of order 50% through this channel. 

loss). 

-..._I_ __ 

‘JAYCOR, San Diego. 

4.7.2.4 “Magnetic Well Depth in EBT and Sensitivity to Hot Electron Ring 6 ~ ~ ~ ~ t r ~ ~ ~ ~ ’  

E. F. Jaeger, L. A. Berry,* C .  L. Hedrick, and R. R. Richards? 

We examine the possibility that diamagnetic currents in the hot electron rings in  the 
EBT plasma are strong enough to reverse gradients in fdQ/B, thereby providing gross 
MHD stability. Using a 2-D solution to the Grad-Shafranov equation with tensor pressure, 
we compute the electromotive force induced in a diamagnetic loop surrounding the E 
plasma. This ~ I Q W S  direct comparison between calculated and measured dianiagnetic loop 
signals for different values of perpendicular energy stored in the electron rings. Signals 
required for a local minimum in B and maximum in fdR/B are found to be sensitive func- 
tions of ring width for which there is presently no direct measurement. However, theoreti- 
cal arguments provide estimates for the hot electron gyrodiameter (-1.0 cm for 480 keV) 
and for the dispersion in guiding center drift orbits ( < I  crn for the measured ring length of 
10 cm). Thus, a ring with a width of 2 cm or 2 gyrodiameters (full-width at half- 
maximum) and length of 10 cm requires a diamagnetic 105p signal of 443 tnV ( W ,  - 
49 J and ,L31,max - 0.45) for a local maximum in fd!2/B. To illustrate the sensitivity of 
this result to ring width, we note that a ring with a width of 1 gyrodiameter and length of 
10 cm requires 193 mV ( W ,  - 22.3 J and /31,max - 0.35), whereas a ring with a width 
of 0.75 gyrodiameter and length 10 cm requires only about 100 mV (W_L - 10 J and 

P.l_,rnax - 0.30)- 

‘Associate divkion director. 
+Toroidal Confinement Physics Section. 
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4.7.2.5 

A. M. El Nadi,*J. C. Whitson, and S. Hiroe+ 

"Finite kll ~ i g h  ~~~~~~~~y ~~~~~~~~i~~~ in EHT*''~ 

It is well known that the interaction of the hot electron precession in EBT with the 
high-frequency surface wave leads to a flute instability when the ratio of the hot electron 
density to the background ion density exceeds a certain threshold. "This mechanism seems 
to explain the compressional instability observed at the T-M transition. By allowing for a 
finite component of the wave vector parallel to the magnctic field lines, we find that the 
above coupling occurs for any finite hot electron density and should then lead to an 
unstable spectrum characterized by the presence of poloidal and radial magnetic com- 
ponents. Recent measurements in EBT have verified that such a spectrum is actually 
present. 

'Giza University, Cairo, Egypt. 
+Toroidal Confinement Physics Section. 

4.8 COMPUTING SlJPPO 

J. W. Wooten 

The computing support group provides the division with computing resources in two 
areas: operation of the User Service Center (USC) and development of the experimental 
data acquisition network. The USC provides (1 )  access to thc large eo puting systems at 
the National Magnetic Fusion Energy Computing Center (NMFECC) at the Lawrence 
Livermore National Laboratory (ELNI,) and (2) immediate analysis and storage of exper- 
imental data. The data-handling network supports the division's experimental efforts by 
providing a rapid, state-of-the-art means of acquiring and storing experimental data. 

11. E. Ketterer, D. N. Clark, J. V. Hughcs, and G. €3. Wootton 

The system's primary swapping area was moved from an ESP04 drive to an XP07, 
resulting in improved performance. In  addition, better separation was achieved between the 
system areas and the user areas by rearranging disk assignments. This resulted in better 
throughput and, along with some scheduler parameter refinements, improved user responsc 
time appreciably. 

A QMS 1200 laser printer was obtained from TALARIS along with software for TEX. 
The QMS printer is currently driven by a VAX 780 using a serial interface that will be 
repllaccd by a parallel interface during 1985. 

'The local graphics user service stations (GUSSes) have been upgraded to GUS§ +'ss  
This provides more capabilities and speed for our users. 

An Ethernet link has been installed that connects all VAXes. In addition, a DECnet 
link has been tested as a replacement for the FEDnet link with the Computing and Tele- 
communications Division (C&TD) systems at ORNL. 
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A network access point (NAP) has been installed for the ATF VAX. It is being used 
for testing network access from a local VAX. 

The Experimental Suppork group provides service to the experimental groups within the 
division, both individually and collcctively, This section summarizes the activities of the 
support group during 198.4. Other significant activities are reported within the chapters for 

Two important projects during 1984 improved communications among the clivison 
VAXes. The first was the installation of Ethernet as the hardware basis for DECnet, the 
network by which the VAXes coxnmunieate with each other. (DECnet is also used between 
the VAXes arid DP-IO system, but different hardware is used.) Ethernet improves the 
reliability and availability of the network by allowing any VAX to communicate directly 
with any other VAX, independently of the state of other VAXes on the network. Ethernet 
also reduces the CPIJ load for communications. 

The second project was the installation of an HSC-50 (cluster disk controller) and 2.5 
gigabytes of disk storage, The HSC-50 and disks form the basis for a disk farm that will 
be shared by the three VAX 11/78Os in the division (and any future large VAXes that 
may be obtained). When VMS version 4 is installed on the VAXes in 1985, those systems 
will sharc equal access to all disks, allowing users to have access to all of their files, 
regardless of which VAX they are using. 

Another network-related project was the connection of VXl to the NMFECC network 
using the MFE node name ATF. This provides a parallel path from Oak Ridge to the 
MFE nctwork and provides better access to the FED VAX systems for Oak Ridge 
personnel who are temporarily assigned to PPPL. 

A third hardware project was the installation of a QMS model 1200 laser printer on 
VX2. This printer should provide high-quality integrated text and graphics output. 

the ~~~~~~~~~~~ experimental groups. 

4.8.2.1 Support of experiments 

D. E. Greenwood, J.  D. Bell,* E. T. Blair, K. L. Kannan, B. G.  Peterson,* K. A. Stewart, 
ana W. K. Wing? 

New development was kept to a minimum since 1984 was the last year for ISX opera- 
tion. However, several ongoing projects were completed. The most important was the 
replacement of the PDP-I I-based data acquisition system with a VAX-based system. This 
conversion was made suddenly, in a few hours, when the PDP-11 system failed and neither 
Y-12 nor Digital Equipment Corporation (DEC) field service was able to repair the prob- 
lem 

The largest conversion project was a rewrite of the operations system display code from 
PDP-11 FORTRAN to VAX PASCAL. This was done because the elaborate data struc- 
tures necessary to support the display were more easily implemented in PASCAL. Also 
essential to the conversion was the installation of on-line data compression to reduce the 
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time required to transmit data from the VAX to the PDP-10. The result was a more reli- 
able system that permitted faster access to acquired data (since it was possible to view and 
analyx data on the VAX rather than waiting for data to reach the PDP-IO). 

'Computing and Telecornrnunications Division, Martin Maiietta Energy Systems, Inc. 
+Toroidal Confinement ~ r y s i c s  Section. 

R. D. Burris, I,. R. Baylor,* P,. h. Greenwood, and K. A. Stewart 

A stand-alone control system, using an Allen-Bradley programmable logic controller 
( P K )  and a DEC VAX-I 1/7330, was dcvdoped for the ORNL pneumatic pellet injectors. 
The system includes a c ~ l ~  mimic panel for status display, a VTPOO menu display for 
command and sctpsint entry, and the PLC for the actual coiltrol of the device. 'Transient 
waveform digitization of several traces, with graphic display of the inputs, is performed on 
a second VT100. 

This project was somewhat more than half complete at the end of 1984, with oomple- 
tion sciiediiled for February 15, 1985. The first device to usf: the injector i s  to be TFT'R, 
with first peI1et injection to occur befsrc March 18, 1985. 

'Engineering Division, Martin Marictta Energy Systems, hc.  

E. T. Blair, L. M. Baylor,* and D. E. Greenwood 

It was decided to replace a portion of the existing DEC PDP-I 1/60-bascd data 
acquisition system with a VAX-based system using VXI. This decison was made because 
the 11/60 system lacks the coniputer power, memory resources, and on-line disk storage to 
adequately support a full coil test. The new system will usc CAMAC hardware to interface 
to existing LSI- 1 1 / 23  front-end data acquisition processors. The data and supporting data 
bases will bc stored on an WA81 disk drive that i s  part of the VAX disk farm. Results of 
the experimeint will be available to users in both printed and graphic form using terminals 
and a Versatec printer/plotter located in Bldg. 9204-1. The target time for the completed 
system is the third quarter of CY85. 

a 

The following steps  ere completed in 1384: 

A system design and interface document was prepared to describe the major software 
and hardware components of the VAX-based data system. 
All CAMAC support hardware, including a pair of 1-km fiberoptic cables, was pur- 
chased and tested. 
The data bases  ere extensively reworked and made accessible through Datatrieve (a 
DEC data maniagcment product), thus providing very sophisticated report generation 
capabilities. 'The data base utilities were rewritten to be more user-friendly. 

* 

* 
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* VERSAPLOT graphics software was installed on the VAX, and supporting library rou- 
tines developed, to permit generation of graphic output using existing display routines. 
The existing data were moved to the VAX. * 

4.8.2.4 

J. B. Mankin 

The Radio-Frequency Test Facility ( FTF) project will use an Allen-Br 
and associated conimunication equipment to monitor the device. A U.S. Data color graph- 
ics terminal will serve as the monitor display and as a touchscreen for input of system 
commands. Programs were developed to support the magnet pumping page and the magnet 
system status page. 
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A-MATERIALS INTERACTIONS 

SUMMARY OF ACTIVITIES 

The Plasma-Materials Interactions Program addresses key research and technology 
issues related to the interaction sf fusion plasmas with surrounding material surfaces. The 
goal of the base program is to understand the fundamental phenomena related to impurity 
control, eros~Qn/rede~os~t~on of wall and limiter materials, recycling/retention of hydrogen 
isotopes, and particle handling. The QRNL program combines laboratory studies of basic 
processes and techniques with applications in fusion devices. Impurity control studies 
include the identification and evaluation of impurity sources as well as conditioning of wall 
and limiter materials to minimize impurity production. Over the past year, laboratory 
studies have concentrated on the influence of impurities on the high-temperature sputtering 
yield of graphite and on wall conditioning. Wall conditioning techniques like wall carboni- 
Lation [on TEXTQR and the Joint European Torus (JET)] and chromium gettering [on 
the Impurity Study Experiment (ISX-B) and the Tokamak Fusion Test Reactor (TFTR)] 
have been proved to be very successful in reducing impurity radiation and improving 
plasma performance. Studies of the impurity fluxes in the edge plasma of the TEXTOR 
tokamak were continued in collaboration with Sandia National Laboratories and Kern- 
forschuiigsanlage (KFA) Jiilich. Time-resolved and in situ erosion studies have been per- 
formed at a reference limiter in E X - B  using laser fluorescence. Particle handling with 
pump limiters in beam-heated plasmas was demonstrated in ISX-3. During the second half 
of the past year, the work was focused on the JET-ISX beryllium limiter test. Studies 
included cleanup of the vacuum vessel with beryllium gettering, transport of wall material 
to the limiter, erosionalredeposition of limiter material, and deuterium retention in beryl- 
lium at high fluence ( ions/cm2). 

5.1 SIJMMAIRY OF "TIME-RESOLVED IMPURITY FLUXES IN THE 
TEXTOR PLASMA EDGEw1 

R. A. ~ u h r  and W. R. Warnpler* 

The internal configuration of the TEXTQR tokamak at Kernforschungsanlage (MFA) 
Jiilich, Federal Republic of Germany, has been modified recently to include antennas for 
ion cyclotron resonance heating (ICRI-I) of the plasma. Passive deposition probe measure- 
ments of edge impurity fluxes were made for typical ohmic discharges with this new liner 
configuration. The time-resolved behavior of impurities in the edge was determined as a 
function of radius and limiter position using rotating probe techniques. All exposures were 
made for staridard ohmically heated hydrogen discharges having the following parameters: 
toroidal field = 2 T, plasma current = 340 kA, line-averaged electron density = (2--3) X 

cmV3, central electron temperature = 1-1.5 keV, and discharge length = 2.5 s. After 
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exposure, the samples wcrc removcd arid transferred in air to a megaelectron volt 
accelerator facility, whcre Rutherford ion backscattering (RBS) was used to determine 
quantitatively the amounts of impurities retaiaed on the samples. Present results are com- 
pared with previous nieasurements of edge fluxes made prior to modifications to the 
plasma-side lincr of TEXTOW. 

The amounts of impurity elements detected in the scrapeoff layer of TEXTOR a t  2 
and 5 cltn behind the limiter radius arc given in Table 5.1. The numerical values are the 
average fluxcs retained it1 the electron drift direction for exposures that are time integrated 
over nondisruptive ohmic discharges. The most common elcmcnt in the edge is seen to be 
oxygen, with maximum time-averaged fluxes on the order of 5 X l O I 5  ~:111-~.s-~.  The 
most abundant metallic elements are iron, chromium, atid nickel. 1,esser amounts of 
molybdenum, which i s  a component in one of the Inconel alloys used in TEXTOR, and 
traces of tungsten or tantalum are also observed. Titanium, the material from which the 
probe slits were made, is not detectable on the samples. The ratio of iron, chromium, and 
nickel found on the probes is approximately 8:2:1. Nickel, the major constituent of Inconel, 
is present in smaller amounts than either iron or chromium. Siich a result indicates that 
the metallic impurities originate from stainless steel components, such as the limiters, 
rather than from the Inconel lirner. 

The time dependence of radial distributions in the electron drift direction for Fe + 
Cr + Ni, oxygen, and nsolybdenram is shown in Fig. 5.1. Here the retained flux is plotted 
as a function of the tokamak minor radius at four different times during the 2.5s  
discharges. Data taken before (-0.5 s) and after (+3.0 s) the discharge indicate no 
measurable impurity deposition and are not included in the figure. 'I'ime resolution for 
these data is k 3 7 0  nis, SQ lapid fluctuations are nut observed. On this time scale, it is 
clear that the radial distribution of impurities is a smoothly varying function of time. The 
shape of the distribution for each of tjle impurities remains essentially the same throughout 
the discharge. The observation that the impurity deposition rate does not increase during 
the discharge indicates that impurities are not accumulating in the edge as the discharge 
progresses. 'Ihis i s  an important result and confirms data obtained in earlier TEXTOM 
discharges.2 

Least-squares fits to the data and radial decay lengths derived from them are also 
included in Fig. 5 , l .  Fits are for r > 48 cm except for the tramition metals at 2.3 s, where 

Tabk 5.1. Time-averaa 

Distance 
Probe behind Average flux s-') 
radius limiter I 

(cm) (cm) 0 Fc Cr Ni Mo 

47 2 5.8 X 1015 2.8 X 1015 7.8 X 3.4 X l O I 4  2.4 X l O I 3  
50 5 4.9 x 1015 1.0 x 1015 2.7 x 1814 1.2 x ioI4 1.1 x 1 0 ' ~  



0 =O. 88, l/e= i .?9cm O=O.Qs, l/e=2,17cm 
A=I.aa, l/e=i.83cm A=l.88, l/e=2.43cm 
0 S . 3 8 ,  1/e=2.06cm O=2.3a, l/e=l.OOcm 

YINOB RADIUS (cm) YMOR RUNS (cm) MINOR iWN5 (cm) 

Fig. 9.1. Time evolution of the radial dependence of retained impurity fluxes for Fe + Cr + Ni, molybdenum, and oxygen. Data 
are for ohmic hydrogen discharges in the electron drift direction at 0.2 s (a), 0.9 s (01, 1-6 s [A), and 2.3 s to). Deposition before 
(-8.5 5) and after (+3.0 s) the discharge is essentially zero. Radial e-folding lengths ( l /e>  for I > 48 crn are shown. 
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separate curves are fitted above and hclow 49.5 cm. The time dependence of the decay 
lengths is ineluded for the metals. The results for the most abundant metals in the edge, 
h'e I- Cr + Ni, arc s h o w  on thc graph to the left and indicate a decay lerlgth for I' > 
48 crn ?hat varies only slightly during the main portion of the discharge (1.85 'r 0.22 cm). 
lk variatiori that does occur is consistcwt for all :he metals a d  results in a shortening of 
the scrapeoff !cqgth by 10 to 20% durinz the most stablc central portion of the discharge. 
1 4 . ~  .s an indicatioin that the plasma is most tightly confined at these timcs. As the plasma 
begins to collapse ( t  = 2 3 s), thi: radial scrapcoff length increases and the flux retained 
011 the probe dccreasm. The behaviw ->f molybdenmir is similar to that of Fe + C h  1 Ni, 
although the measured decay length is somewhat longer (2.45 k 0.3 cm). %Re change in 
th:: dopc of the ;arofilea that is observed for all the metals at r = 4 8 4 9  cm is bcl;eved to 
be duc to the fixed irnine~ limiter at x -z 49 can and to the !imitismg action OF the newly 
installed rf antenna systcm, which is loeaicd 116" from the probc En the ion drift direction 
at a radius of 48.8 cm. 

?he  m d t s  for oxygen deposition (Fig. 5.1, right) are in contrast to those achieved for 
the metals. Thc radial distributions are much flatter, the observed decay 1eng;h is longer, 
and thcrc is little variation with time duritig the discharge. In this case, b e c a i ~ ~ e  of the lack 
of time dependera, only a single decay lengib is fitted to all the data (1 /e A 6.98 cm), If 
the oltygeii iadial profiles have not been disiorted by experimental complications in the 
measurement of oxygeii dcgnsiticn, these 1 esults suggest that the ir?trads:ncfion mechanism 
or edge t;ansprart for oxygen must be different from that for the metals. 

In comparison with mcasurcments made prior to modification of the liaei, several 
changes are observe6 'The radial depcndcnce of the impurities now show!, il clear decrease 
with dista4-cc behind the lirnitcr that may have heen 3mca;ed by plasma instability in cai- 
licr ixposures. The prcvioiis increase in mctallic fluxes iieilr the liner i s  no longer observed, 

effect of the antenna installation. Thc. d ~ p ~ s l t ~ d  fluxes of oxygv are approximately the 
same, indicating a similar level of wall conditioning, but the flux of transition metals 11as 
increased by a factor of 2 to 3. The relative amountc, of iron, ~~YWII~U~TI ,  and nicke! have 
also changed The relative amount of iron has iiicreased, whi!g: that of nickel has 
decreased, icbicating relatively less interaction be twco  the plasma and the Ificonel liner. 
In  combination, these changes point towxd a more stablc plasma that i s  better confined by 
the liiriiters and interacts less strongly with the first vrall 

-1: . 

,r,,aps 1- b c c a ~ s e  of decreased contact h eem the plasma and the liner duci to the limitiilg 

'Samdia National Laboratories, Albuquerque, M. Mex. 

3.2 ABS'I'RAC. OF ''THE INFLUENCE OF IMPURITIKS ON THE 
I EIGN-TEMPERATURE SPUTTERING YIELD OF 

J. Roth,'J. Bohdansky,* and J. E. Roberto 

The influence of surface and bulk impurities on the chemically enhamced sputtering of 
graphite near 600" C arid the radiation-cnhaacd sublimation of graphite above 1000" C 
has beeia investigated Such investigations yield additional information on the nnechanisrns 



of ~ ~ ~ ~ ~ ~ - t ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~  erosiorr processes in graphite and may lead to procedures for minimiz- 
ing the erosicn 1-atcs. In p a r t i ~ d a r ,  an underctanding of the effect of simultaneous impurity 
fluxes on the ~~~~~~~~~~ erusirm could bc im rtant in ~ ~ t e ~ ~ n ~ n ~ ~ g  the usefulness of gra- 

I in fusion reactors. phite as a ~ ~ ~ ~ - ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~  glasnla-side mate 
The chemical S l ~ ~ ~ ~ t ~ ~ ~ ~ ~  yield hsr SOO-eV hydro n bomhardment of graphite at 

400°C was invcukigaled at the ~ ~ x ~ ~ ~ a ~ ~ ~ - ~ n s ~ ~ t ~ ~  hi -current ion soarcc for graphite 
samples ' ~ k  it11 deposited layers of gold, iron, nickel, titanium, and molybdenum. For the 
gdd,  iron, and nickel fij s, clustering sf the deposited films allowed high chemical sputter- 
ing (methane) ykI& de itc: avcrage surface coverages of many monolayers. For the non- 
clustering t h o i t m a  and ~~~~~~~~~~~~~~~~ fiPms, ~ ~ ~ ~ ~ ~ ~ ~ j o ~  of the chemical sputtering yield 
was approximately a t';;cto: of 2 with m e  monolayer coverage. Addition of bulk impurities 

ips ~ o s t  effective in ~ ~ ~ ~ r ~ s s ~ ~ ~  the chemical sputtering of graphite. 
~tinn-enba~aced stibIhli~alit~ O f  graphite bOInbZFdied at 1520°C by 50-keV 

argon ions was ~ ~ ~ ~ ~ ~ ~ ~ g ~ t ~ ~  during simdraraeous titanium evaporation onto the surface at 
ation facijity in the Solid State Division. The titanium concentration in the 
as 21 strong influcnce on the ion-enhanced sublimation yield, as shown in 

Fig. 5.2. Low conceratratiasns of ~ j ~ ~ n ~ ~ ~  initially increase the carbon yield, while concen- 
trations abovc 18 at" 96 lead to :P nearly complete suppression of the enhanced yield. The 
increase in carhcbn erosiori at low titanium concentrations i s  attributed to the occupation of 

,--. 
e 
0 .- >- 
E 
Q 
8 
c 

0 
w 

50 keV Art 
1520°C 

~~~~~~~t~~~ yield on titanium coverage for SO-keV 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ t  of ~~~~~~~~ at 1520°C. For comparison, the room-temperature sputtering 

yield for graphite is stiowti, as i s  the sputtering yield of bulk Tic at 1520°C. 
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vacancies by titanium atoms, allowing additional carbon interstitials to diffuse to the sur- 
face and evaporate. 

Overall, the results in icate that suppression of high-temperature erosion processes in 
graphite can occur for sufficiently high surface coverages and bulk concentrations of 
impurities. Furthermore, the effectiveness of bulk impurity concentrations in reducing ero- 
sion rates indicates that the chemical and radiation-enhanced erosion processes originate at 
depths beyond the surface layer. 

'Max-Planck-Institut fur Plasmaphysik, (>arching bei Miinchen, Federal Republic of Germany. 

5.3 IN SITU E OSlON STUDIES WITH LASER FLUORESCENCE TECHNIQUES 

P. W. King and 

Sputtering measurements at a refcrence limiter, initiated last year,4 were continued. 
Studies were performed for both graphite coated with titanium carbide (TIC) and beryl- 
lium as tht: material of the main limiter. Experimental results (discussed in more detail 
e l s e ~ h c r e ~ . ~ )  are summarized below. 

For neutral-bearn-heated plasmas with a beryllium rail limiter, titanium erosion rates 
from a reference limiter made of 'Tic-coated graphite are =9 X lot4 atoms/cm'.s-' at a 
midplane location about 10 cm outside the plasma boundary. The measured elcctron- 
impact ionimtion length is 50.3 cm. When a small amount of neon is injected into the 
edge of the plasma, the measured Ti I radiation decreases by about a factor of 2 neat the 
end of the tokamak discharge (see Fig. 5.3). This result is consistent with a model having 
decreased beryllium sputtering of the probe with the addition of neon. 

ORN1. -DWG 85C-2308 FED 
- 

m 
9 mrn FROM P R Q B f  

E 10 c m  OUTSIDE P L A S M A  
0 

7 

1 
- 0  

-100 0 108 2 0 0  300 480 500 
TIME i m s )  

Fig. 5.3. Comparison of Ti I density for 
as without neon injection, Results suggest beryl- 

lium sputtering. 



Electron-impact ionj Lation lengths c~rnts 
limiter are approximately the same as for ~ e r y ~ ~ ~ u ~ ~ ~  limiter case. For the TiC limiter 
case, the erosion rate for deuterium plasmas is three to four times higher thm that for 
hydrogen plasmas. The erosion rate on the icm side i s  at least ten times greater than on the 
electron side, and the neutral metal density in the scrapeoff layer decreases with increasing 
iie (see Fig. 5.4) and increases with neutral beam power (up to about 1 
gen vs deuterium and ion-side vs electron-side studies were done for Fe 1 erosion from a 
stainless steel reference limiter. 

K. E. Clawing and I,. Heatherly 

New ways are being found to control the recycling of impurities and hydrogen fr'rom 
the walls of fusion devices. Data from ,a laboratory simulator are being used and crnalyzed 
together with data from TEXT an 'Torus (JET), and other tokamaks 
to learn how best to exploit standing of the interaction between 
impurities on surfaces exposed to . These data show that oxygen and 
carbon surface irrrpurities are interrelated and can be ~ ~ ~ n ~ p ~ ~ a ~ e ~  by controllin 
position of the gas used far plasma surface conditi~aing.~ Not only can oxygen be reduced 
to low levels, but also carbon (and other elements) can be either removed or deposited and 
reacted with the substrate. In the case of carbon deposits, a thin metal carbide layer can 
be fonned or thicker deposits of elemental carbon can be made. Surface compositions can 
be reproduced easily and reversibly in a controlled way. Furthermore, these composition 
changes can alter the hydrogen recycling and plasma impurity levels by an order of magni- 
tude or more. 

'The use of selected additions to the gas used in disc arge cleaning prmi ts  the pur- 
poseful manipulation of surface compositions or deposits o the walls and limiters of fusion 
devices and makes possible the rapid and nearly complete elhination of  oxygen an 
impurities on the walls and in the plasnias of tokamaks. Carbon films deposited can sur- 
Faces affect not only ~ y ~ ~ ~ ~ g ~ n  recycling but also hydrogen permeation and the hydrogen 

d ~ u m e n t e d ,  The plasm all intera~tioir sirnulator provides a converiien t and efficient way 
to document the effect 
niques for use in larger devices. 

In the simulator we have related gas composition to surface ~~niposit ion changes and 
resultk-~g recycle behavior. Surface oxygen levels can he reduced from 30 to less than 
3 at. ?J i r r  4" arnin of discharge cleaning, We have demonstrated the ease with which car- 
bon can be ~ ~ ~ ~ ~ s ~ t e ~  or removed rapidly and reproducibly and have shown that it displaces 
or reacts with utliler surface-active impurities to produce a clean carbon- or carbide-covered 
wall (depending mi the conditions). Figure 5.5 F s the effectiveness sf carbon in remov- 
ing impurities from the walls of the simulator. rogen recycle from these walls rapidly 
approaches unity, but there appear to be strong effects due to hydrogen inventories in the 
films, which in tam are influenced by the preparation and history of the film. Studies of 
these variables are continuing using isotope exchange and tlierrnal desorption methods. 

inventory in the wall. any of these effects are incompletely ~ ~ d ~ r s t ~ ~ ~ ~  and not well 

e many variables involved and to dcveloy and optimize tech- 
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Fig. 5.5. The decrease in surface-active impurities as carbon is increased by adding methane 
to the @SW discharge. The wall material is 304 stainless steel. 

5.5 EXPERIMENTS ON IMPURITY AND PARTICLE CONTROL IN ISX-B 

During 1984, the experimental program on the Impurity Study Experiment (ISX-€3) 
tokamak emphasized studies on limiter materials and configurations, impurity control, and 
particle handling. These studies were performed with strong involvement and under cmrdi- 
nation of the Plasma-Materials Interactions (PMI) group. The main efforts were ( I )  the 
ISX-SET beryllium limiter experiment, (2) the pump limiter experiment, and ( 3 )  the 
chromium gettering experiment. Details of these experiments, especially with respect to 
plasma operation, are described in Chap. 1 of this report. Chromium gettering, which has 
been shown to be an efficient technique of impurity control in tokamaks, was developed 
over the past years in the PMI program. The pump limiters on ISX-B, with which particle 
exhaust was successfully demonstrated, were built and tested as part of the PMI program. 
Finally, an important part of the beryllium limiter experiment was the material and sur- 
face studies described in Sect. 5.6. 
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W. E. Clausing, L. Ilcatherly, R. A. Langley, J. B. Roberto, R. A. Zuhr, 
J. von Scggcsn, and K .  G. 'Ischcrsich 

The beryllium limiter experiment provided a unique opportunity for certain kinds of 
plasma-materials studies. Studies reported herc include those associated with the initial 
cleanup of the ISX-B maclrine after installation of the limiters, the transport of impurities 
and beryl8ii.m during the experiment, and the deposition of dcuteeium into the limiter and 
wall samples. 

The initial cleanup, using 120-t-Hz discharge c1eaniiig pulses, produced coniditions suit- 
able for norrnnl ungcttered tokamak discharges after one day. The wall composition (moni- 
tored through the use of a surface analysis station) showed the progress of cleaning and 
the tramport of wall and liinitzr material from prior getter deposits as well as the 
transport of beryllitmi. Significant amounts of beryllium (but much less than a monolayer) 
were transported as neutral particles produced by sputtering during a typical overnight 
discharge clcaning cycle. This sputtercd beryllium acted as a getter but was insufficient to 
alter machine performance. 

The evaporation and transport of beryllium around ISX-Tr during the initial tokanaak 
operation, with limiter loads within thc design specifications, were small. A subsequent 
series of high-power shots, however, caused much melting and evaporatioti. From that time 
on, small hot spots formed on the linmitcr during each normal-power (fluence) shot, causing 
more beryllium to be evaporated, so that the machine operated in a gettered mode for the 
balance of the limiter test. Figures 1.11 and 1.13 in Chap. 1 show changes in the gross 
appearance nf the limiter during the course of the tests. Figures 5.6 and 5.7 show the 
macroscopic appearance of the limiter surface after the tests. Note that many of the melt 
structures have been croded or evapordted severely; most of the protrusions having exposed 
surfaces perpendicular to the power flux haw bright shiny spots, indicative of repeated 
melting on every shot. These spots are the sources of the beryllium observed in the plasma 
and at  the walls. 

Depth profiles of deposits on samples exposed in the edge plasma during tokamak 
shots (see Fig. 5.8) show much thicker deposits on the surfaces oriented to intercept beryl- 
lium ions drifting along magnetic field lines than on those that would intercept neutral 
atoms in a direct line of sight. "I'hrs, it appears that neutrals leaving the limiter during 
tokamak shots are ioniL:ed and either move around the machine along the magnetic field 
lines until they are redepositcd on the limiter or diffuse into the main plasma, The deposits 
contain significant amounts of free beryllium metal, implying that much more beryllium is 
being deposited than is needed to getter oxygen. Beryllium oxide: is quite stable, and earlier 
nieasureriaeiits indicate that, in thcse experiments, it does not contribute much oxygen to 
the main plasma. 

Silicon and stainless steel collector samples were placed in a number of locations to 
determine the distribution and amounts of beryllium and deuterium deposited during the 
entire beryllium limiter experiment. The results are summarized in Fig. 5.9. The numbers 
in parenthcscs indicate beryllium deposits; the numbers in square brackets indicate deu- 
terium levels retained after approximately twe months. Note that the beryllium levels were 
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Accelerator-based techniques werc used to measure the deposition of metallic impurities 
and deuterium into the limiter segments. The analysis provides total Concentrations for thc 
first few thousand atom layers. Further measurements will be required to bc certain that 
diffusion to decper layers has not occurred, but it appears that the values for deuterium 
are approaching saturation levels of about (1-5) X 10’’ cin -*. These values werr mea- 
sured about two months after the last plasma exposurc, Concentrations of the transition 
metals iron, chromium, and nickel were (0.5-10) X 10l6 cn1C2. A beryllium sample 
exposed in the edge plasma to 72 tokamak fluence shots (3.5 X ions/cm2) retained 
(6-9) X 10l6 deuterium atorns/cm? after two months. 
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Fig,, 5.8. ~ ~ o ~ p ~ s ~ ~ ~ ~ ~  of the SM~F~PC~ deposit on an aluminum cube as a function of depth, 

The cube was exposed to 138 fluence shots at  a position 7 cm outside the plasma boundary in 
the midplane of sector 5.  The data shown are for a surface perpendicular to the plasma flow. 
The film 011 the front face of the cube (facing the main plasma) was only about one-tenth as 
thick. 
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the shields was also carried out; the electrical, thermal, and mechanical proprties of vari- 
ous materials and bonding techniques were ascertdined by subjecting samples to high- 
heat-flux hydrogen ion Seams. Improved current feedhhroughs, which couple rf power 
through thc wall of an experinmtal dm ice, weye successfully developed. Careful design, 
aided by a 2-D Poisson solver, resulted in feedthroughs with lower voltage standing-wave 
ratios, allowing more power to be transmitted. The Radio Frequency Test Facility, a 
simple magnetic mirror using superconducting magnets and microwave plasma production, 
was approved in 1984, and construction has startcd. This facility will provide the plasma 
errvi~ oriinent necessary for testing hi@-power, steady-state sf heating components. 

'The contracts with Hughes Electron Dynamics Division and with Varian Associates to 
develop 60-G€IL gyrotrons came to successful conclusions during 1984. A contract was let 
with Varian hsseciates for a gyrotron power source that will operate at  140 GHz; it wd! 
usc ~ W O  1100-kW cw tubes. 

. . . . . . . . . . . . . . . . . .. . . . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

6.1 NEUTRAL BEAM HEAT'IIVG 

The Advarlced Positive Ion Source (rBPHS) devclopment was successfully completed 
this year. A brief summary of the work is included here; details are available in a recent 
publication.' 

rhe long-pulse ion so~irce, designed to deliver 80-keV hydrogen ion beams with low 
beamlet divergence (e,,,,, -5 0.26") at a currcnt density of 0.19 '4,crn 2, was operated to 
meet the design specifications. Hydrogen ion beam pulses of 48-48 A were extracted at 
beam energies of 77 80 keV and a pulse length of 30 s. The rectangular accelerator ( 1  3 by 
43 cm) provided an effective emission surface of 250 cm', which translates to 47.5 A at 
the design current dcnsity. The beamlet divergence was estimated from beam profiles 
measured 370 cm downstream. Aftca corrections were inade: for imperfect steering effects 
due to manufacturing errors and the effect of residual magnetic fields at the test facility, 
the beamlet divergexe was found to be 0.3", in agreement with the numerical design. 
Other chaiacteiistics measured were very low accelerator heat loadings (the sum of all 
four grid loadings was 0.7% of the extracted beam energy), high power transmission effi- 
ciency (>85%), and low gas flow (18 12 tnrr.l,/s). 

Apart from the excellent optical characteristics of the beam, an important feature of 
the ion source was its reliability and ruggcdness during long-pu!se operation. About 600 
3@-s-long pulces and thousands of multisecond pulses were extracted at a power level of 
around 3 2 MW. A sample from this test sequence i s  shovin in Fig. 5.1. A simple elec- 
tronic circuit was used to turn the beam back on after a time delay of 150 ms (limited by 
thc circuit components) if a breakdown occurred during the 30-s pulse duration. A histo- 
gram illustrating the percentage of shots at full  power vs thc interrupt fieql_iency is shown 
in big, 6.2. I t  shows that approximately onc-third of the pulses have no interrupts at all, 
with the average number of interriapts duririg a 30-s pulse being only 1.5. 
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Fig. 6.1. Reliability plat showing the beam parameters vs shot sequence, 

The ion source was also operated with deuterium as the working gas at the neutron- 
shielded Neutral Beam Engineering Test Facility, located at Lawrence Berkeley kabora- 
tory. The optimum deuterium current at 80 keV was measured to be 33 A, in agreement 
with the inverse square-root scaling of current density with atomic mass. Using their opti- 
cal Inass analyzer (0 oppler shift spectroscopy, the full-, half-, and rhird- 
energy species mix obtained was 76.6%. 1 6.7%:6.6% from the blue-shifted spectrum and 
80.4%: 14.8Y0:5.8% from the red-shifted spectrum. The oxygen impurity was found to be: 
below the sensitivity of the 0 

I n  summary, a high-power (3.2-h.Iw), quasi-steady-s t e  ion source, with excellent 
optical characteristics (bearnlet divergeme of 0.3 O ) and hig reliability has been developed 
f a  muhisecond neutral beam injection applications. 

6.1.2 ~ e ~ ~ ~ ~ v ~ ” ~ ~ ~  Source Develo merit --Abstract of ‘%tense Eo Beam Production with 
N L  SITEX Li- SQ)urce*2 

W. K. Dagenhart and 

H $carcis of 625 mA, 18 keV, and 9 s, as well as 1) beaiiis, have been generated at 
a 10% duty cyck using tht; ORNL SITEX (surface ionization by transverse extraction) 
s o u r ~ e . ~  ~n a similar manner we propose to produce intense Li- beams for acceleration and 
neutralization to be used in a charge-exchange alpha particle diagnostic scheme for fusion 
reactors. I.,i- ions would be generated by Cs’ (generated in a reflex discharge) sputtering 
of lithium absorbed on the converter, which is biased - 150 V with respect to the anode. 
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The scaled extracted electron to Li- currcnt ratio would be <5%, with all extracted elec- 
trons being recovered at an energy of 0.1 of the first acceleration gap potential energy 
difference. The arc efficiency should scale to 5 kW of source power per ampere of Li- 
beam. Direct-current acceleration with a multiple grid system will be used to 100 keV with 
a small angular divergence and an emittance suitable for injection into an RFQ-LINAC 
system for a final energy of -15 MeV. We expect the Li- output to scale to -100 mA, 
which will be required for the next-generation tokamak alpha particle diagnostic. 
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6.1.3 Theoretical Ion Bptics- Abstract 0f “New Accelerator Designs for Positive and 
Negative 10nsn4 

M. A. Bell, J. H. Whealton, R. E. Karidon, D. H. Wooten, and R. W. McGaffey 

For positive ions extracted from a plasma, several two-dimensional (2-D) cylindrically 
symmetric designs are proposed using the ORNL ion optics code5,‘ These designs ensure 
higher current density than that of ref. 7 with low divergence and are important for 
Tokamak Fusion Test Reactor (TFTR), Doublet 111 (DIH), and Tandem Mirror Fusion 
Test Facility applications. For negative ions using the configuration of the ORNL STTEX 
ion source, a 2-D design is proposed which yields much higher beam current and converter 
utilization than that of ref. 8, 

The focus of the RNL development program in pellet fueling was on advancing the 
state of the art of pne atic and centrifuge pellet injectors to higher velocity, larger pellet 
size, and steady-state operation, consistent with the pellet fueling needs of present and 
near-term confinement systems such as TFTW, Big Dee, and the Advanced Toroidal Facil- 
ity (A‘TF). The appropriate vehicles for achieving these objectives are the ORNL repeating 

matic injector (RPI) and the centrifuge upgrade facility presently under construction 

6.2.1 Pellet Injector Development 

6.2.1.1 Mechanical injector 

A new version of the centrifuge injector, which was recenlly tested on DIII, was 
designed, and construction was initiated. This device is designed to be a primary fueling 
device for the large, long-pulse tokamaks now operating or under construction, such as 
TFTR, .IT-60, Tore Supra, and Big Dee. The design parameters for this device are a pellet 
size of 1.5 3.5 mm, a speed of 1.2 km/s, and a repetition rate of 30 pellets/s for a pulse 
length of 30 s. 

6.2.1.2 Pneumatic injector 

The RPI has been modified extensively and tested over a broad range of operating 
parameters and geometrical configurations. A fast propellant valve compatible with high 
temperature and tritium operation was developed for use in TFTR. An injection-line 
shutter valve (conductance limiting) based on this design was incorporated in the TFTR 
system. A new vacuum housing for improved access to the gun cryostats was installed, and 
the manual control system was replaced by an automated, menu-driven system that uses a 



VAX mainframe cornputcr for data acquisition and display arid an Allen-Bradley pro- 
grammable logic controller for machine operation. A rernotcly opeiablc and instrumented 
gas manifold system was incorporated to facilitate operations at TFTW. 

The objective of the test program for the KPI was to demonstrate the production of 
4 mm-diam pellets (in deuterium) at  a 15OO-m/s mu77le velocity. Gun barrel length 
optimization studies (Fig. 6.3)  wcre completed for a nominal pellet diameter of 3.4 mm. 
Acceleration lengths of 20, 40, 60, 80, and 100 cm were tested. A broad optimum was 
found in the 60- to 100-cm range, and velocities a4 high as 1550 m/s were recorded at  the 
maximum oped ating pressure of 93 bar. The tests of the 4-rrrm-diarn pellet configuration 
(Fig. 6.4) werc performed with an 8O-cm-long gun barrel. Thc highest measured velocities 
were 1600 m/s with deuterium pellets and 1900 m/s  with lighter hydrogen pellets. The 
injector was also operated in the repeating mode in this configuration. Rcpctition rates as 
high as 6 pellets/s for 2 . 5 s  bursts in hydrogen and 5 pellets/s for 4 s  bursts in deuterium 
were reached. The complete system, including the stand-alone controls package, is to be 
qualified d t  thew parameters and then shipped to Princeton Plasma Physics 1,ahsratory 
(PPPL) in March 1985. 

6.2.1.3 Tritium pellet injector 

The preliminary design phase of a tritium pellet injector (TPI) for TFIX was con- 
cluded in 1984. The injection system, which is scheduled for use during the Q = 1 
operation of TFTR in 1988, features a pneumatic injector capable of deliverirng eight 
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hydrogen and deuterium pellets- 

tritium [or deuterium-tritium (D-T)] pellets of variable size (up to 4 mm) and velocity (up 
to 1500 m/s>. The gun design shown in Figs. 6.5 and 6.6 is based on the parameters 
achieved on the ORMI, RPI (high-pressure 132 propellant). The pellet f e d  mechanism 
features ( I )  a small-volume extruder to minimize the tritium inventory (less than 5000 Ci), 
( 2 )  a He3 separator to purify the T2 gas feed, and (3) extraction (of the tritium not used 
during a pulse. 

The materials and components used in  the pellet injector, injection line, and vacuum 
systems are compatible with tritium service and high neutron fluences. Secondary contain- 
ment is provided by a large glovebox structure (see Fig. 6.7) equipped with maintenance 
ports for access to the injector components. Thxee separate TFTR gas cleanup syslems 
(Fig. 6.8) provide for purification of the glovebox atmosphere and safe disposal of gaseous 
wastes from the pellet injector and vacuum systems. 
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6.2.2 Pellet Foeli 

6.2.2.1 Pellet imj 

Improvements in plasma performance with pellet injection have been achieved in 
several tokamaks in recent  experiment^.^^^ On the Impurity Study Experiment (ISX- B), 
an increase in plasma energy by as much as 50% has been observed following pellet injec- 
tion. With 1.5-mm pellets, the value for T,*, the gross energy confinement time determined 
from pcquil, has peaked at 1.7 times ISX-IB scaling for ne = 6 X 1013 cm -’ in buth well- 

gettered and ungettered  discharge^.'^ Following the peak, in the well-gettcred shots T: 

decays to 1.2 times ISX- scaling within 50 ms after pellet injection. In the ungettered 
discharges T: follows the  mode scaling that i s  appropriate to the plasma conditions ( ~ b  

___- 1.7 MW, I ,  = 180 kA). Thus, pellet injection in ISX-B shows energy confinemernt 
hetter than that for gas puffing in clean discharges and matches the Z-mode improvement 
obtained in ungettered discharges. 

Various explanations for the physics of this confinement improvement have been pro- 
posed, such as improvements in ion or electron confinement following pellet injection or a 
reduction in beam charge-exchange losses with pellets in neutral-beam-heated shots. Data 
from two plasma shots ( a  = 20 cm, I ,  = 128 kA, Pb 0.8 MW), each with injection of 
a single 1.Q-mm hydrogen pellet, arc shown in Figs. 6.9 and 6.10. ‘Ihe first shot (Fig. 4.9) 
shows no increase in beta following pellet injection; in contrast, the second shot (Fig, 6.10) 
shows a 30% increase in plasma energy following pellet injection. ‘4s observed for the 
improved-conf~nement plasma shots with the largcr ( 1.5-mm) pellctsi, this shot shows a 
prompt decrease in the plasma internal inductance li, indicating a broadening of the 
plasma current profile, a change in plasma magnetohydrodynamic (MHD) behavior from 
sawtooth oscillations to quiescence immediately after the pellet, and a sharp 1-V spike in 
the loop voltage. Sonae 25 rns after the pellet, li has increased slightly above the preinjec- 
tion level, and plasma MMD activity has grown to continuous large-scale oscillations (con- 
tinuous rn - 1 activity is observed with the 1.5-mm pellets). This shot also shows an 
improvement in particle confinement, as evidenced by a postpellet peaking of the line- 
averaged electron density on all chords. 

Trajectory plots of plasma beta vs density for these two shots are shown in Fig. 6.11 
overlaid with a comparison gas puff shot. It is clear from the data of Figs. 6.9, 6-10, and 
6.1 1 that the observed plasma energy increase is not the result of a progressive decrease in 
transport or beam losses with increasing density but is a discrete plasma event triggered by 
the pellet. From other ISX-B experiments,’* l 4  we know that the prerequisites to obtain- 
ing confinement improvement with pellets appear to be adequate pellet penetration and a 
good-quality shot (in terms of MHD) before injection. The H, emission profiles from the 
two pellets are shown in Fig. 6.12. Both pellets penetrate far enough into the plasma ( 6  - 
0.9) that the difference in penetration is not likely to be the sole reason for the different 
post-pellet evolution of these shots. The detailed shapes of the H, signals and deposition 
profiles are slightly different, however, perhaps reflecting the pcllet’s transit through dif- 
ferent temperature and density zones. This leads to the conjecture that the random timing 
of the pellet event relative to the sawtooth oscillation cycle produces post-pellet q profiles 
that lead to confinement improvement, no confinement change, or disruptions in otherwise 
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Fig. 6.9. Data from pellet injection ints ISX-B plasma, 
showing no increase in beta following peliet injection. 

identical shots. This explanation is consistent with the observation that high-qdge shots 
(with no sawtooth oscillations) were required in the early ISX-B experiments14 to produce 
density evolution similar to that of Figs. 6.9 and 6.10. 

6.2.2.2 Pellet injection into ICRF-heated plasmas in PLT: preliminary results 

The ISX-B/ATF four-shot pellet injector has been lent to PPPL for installation on the 
Princeton Large Torus (PLT). The objectives of this effort are to study confinement, heat- 
ing, and density control in plasmas with high-power ion cyclotron resonant frequency 
(ICRF) heating and lower hybrid current drive (LWCD). Preliminary results obtained by 
injecting 1.5-mm-diam D2 pellets into ohmically heated and low-power (600-kW), ICRF- 
heated discharges are shown in Figs. 6.13---6.15. In the ohmic shot, the pellet produces a 
line-averaged density increase from 2.8 X I O l 3  to 4.8 X l O I 3  c ~ I - ~ ,  w:ith a 
corresponding drop in  T,(O) from 1.6 keV to 0.9 keV [Fig. 6.13(a)]. The central-chord 

visible bremsstrahlung increases 2.5 times, which is consistent with the and nl, data and 
the pre-pellet value for Zefc In Fig. 6.14(a), one Sees that the post-pellet T', profile is 
slightly flatter than the pre-pellet profile and that the sawtooth inversion radius has 
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increased slightly. Thc sawtooth period has increased 1.5 times, which implies a 50% cen- 
tral density increase assuming constant radiation losses. Figure 6.15( a )  shows neutron prs- 
duction, which increases threefold following pellet injection. Like Ee, neutron production 
stays elevated for the duration of the shot, indicating good confinement of the particles 
deposited by the pellet. 

Data for an ICKF-heated plasma shot with pellet injection are shown in Figs. 6.13(b), 
6.14(b), and 6.15(b). A total of 600 kW of ICRF power at 30 MHz (Me3 minority heat- 
ing) was brought up at 350 ms into the shot [Fig. 6.13(b)]. The pellet-induced changes in 
plasma density, central-channel bremsstrahlung, and T,(O) to the pellet are smaller than 

for the ohmic shot of Figs. 6.13(a), 6.14(a), and 6.15(a), which i s  not unexpccted, given 
the additional heat flux to the pellet from fast ions generated by the ICRF heating. Both 
neutron production [Fig. 6.1 5(b)] and T, [Fig. 6.14(b)] climb steadily following pellet 

injection as long as the heat stays on, a promising indication of improved 1CR.F heating or 
plasma confinement following pellet injection. Lengthening the ICRF pulse or applying 
additional ICRF power following pellet injection could boost neutron production even 
further. 
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Fig. 6.11. Trajectory plots of plasma density vs beta for the 
two s b t s  shown in Figs. 6.9 and 6.10. A gas puff shot is also 
shown for comparison. 
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6.2.2.3 PeBiet ~~~~~~~~~~ in Doublet I11 

A major experiment was performed on the DLII tokamak facility at GA Technologies, 
Inc., in cooperation with the Japan Atomic Energy Research Institute (JAERB) group A 
crntrifirge-type pellet injector, which was developed at  ORNL, was used to ccntinuously 
fuel plasmas in both divertor and limiter configurations. 'The injector could inject 1.3-mm- 
diam pellets of frozen deuterium at a speed of 800 m/s and a rate of up to 40 pellets/s. 
The pellct injector was shipped from ORNL in January 1984. Pellet expt:rlnients started in 
April and ran with high reliability through August, when 11111 was shut down for a major 
upgrade: In  the clivertor-configuration experiments, thc phsmas produccd with pellets had 
m w h  higher densitics than those produced by edge fueling with gas. This was not surpris- 
ifig> since with gas injection the fuel must pass through the divertor, which is exhausting 
the plasma, whereas the pellets penetrate through the edge, depositing the fuel in the 
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RPI should adequately meet the TFTR fueling needs through 1985 for neutral beam 
powers up to 10 MW. 

The follow-on: experiment to the RFI will feature a high-performance, eight-shot gun 
that can deliver pellets of varying size at  speeds approaching 1600 m/s. This device is 
being built at ORNL in support of the high-power (27-MW) neutral beain experiments 
scheduled for 1986. 

6.3.1 NationA RF Research and Develop 

I he National RF Research and Development (NRFRD) Program encompasses the 
development of rf technology at ORNL and the coordination of supporting research at  

other institutions. The principal goal of the NRFRD Program i s  to develop and 
demonstrate the technology necessary to deliver long-paalsc (to cw), high-power, ICRF 
energy to a reactor-grade plasma. The program has three major thrusts: ( 1 )  antenna sys- 
tems development, (2)  theorctical support, and ( 3 )  test facilities. An additional major 
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endeavor is the de.crelopment of an sf pwer  soiirce that can serve as the basic element, or 
“building block,” for the ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ a ~ t  ICRF fusion systems  if the future. A system that 
can provide over 2 MW of power at frequencies of 40--80 with only one output tube 
i s  already under d e v e l ~ ~ ~ ~ ~ e ~ ~ ~  These capabilities ai e unmat hy those of any existing or 
planned system. ‘This equipment, when delivered in May 1986, will be installed to provide 
for the antenna development tests to be conducted in the Radio-Frequency Test E aciiity 
(KF‘I’F). As the designated lead laboratory for TCKF technology developments, ORNL has 
been carrying out the responsibilities of coordinating other coinplerneniary research at 
other institutiorns -for example, the waveguide launcher ~ ~ ~ ~ ~ s ~ ~ g a t i ( ~ ~ ~  at. the University of 
Wisconsin and J’AUCOR. 

A critical emphasis of the ~~~~~ Program activity is the srigport of near-term fusion 
experiments with adaptations of ICKF developments. An example is the incorporation of 
many of the NKFKD anteriria sys ~ c h ~ e v e ~ ~ e ~ t s  of 1984 into a ~ ~ g h - ~ o w e r  (>2-MW) 
launcher that will be tested on the upgrade, DIII-D, in 1986, 

en made in the last year. “ne iiimproved rf 

improvement of greater than an order of magnitude irn the power that I). be launched into 
a fusion device plasma. With future fusion machines expected bo ne lu9 so MW of rf 
power, the effectiveness of the rf elements is extrenxely important in C Q S ~  and in perfor- 
mance. 

Considerable prog in rf t ~ ~ ~ n o ~ ~ g y  has 
system concepts that I, has analyzed and weloped are cxpected to lead to an overall 

Antennas for ion cyclotron resonance beating (ICRH) applications have been analyzed 
and optimited to extend the power limit per antenna by a factor of 2 to 3. Loop var 
[simple loop, long loop, cavity, resonant double luop (RDL), asyrninetrk RDL (A 

-slot] have been built and studied. High voltage in the antenna structure generally 
the power. The matched KDL minimizes the voltage at the feedpoint. ‘Ihe ARDL 

not only minimizes the voltage at the feedpoint but also has the lowest voltages of any of 
the antennas. ‘The electrical characteristics h antenna and its magnetic field profiles 
have been measured and agree with simple 

Faraday shields are used to protect ennas arid to polarize the wave while 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t t ~ ~ ~  iower. Experiments on 27 F lnieids show that the shields in ger~eral 
usc typically cut couglistg in half and that simple designs can result in virtualiy no reduc- 
tions These; ~~t~~~~~~ Faraday shields, in Combination with the optimum antennas, can 
improve the rf launcher system’s power handling by a factor of 6. 

We have also tested Faraday shield materials by exposing them to 2000-A, 1-s, 26-kV 
neutral btam discharges. The heat flux was 4 kW/cm2. All materials were bonded l o  a 
3/8-in coppr  swirl tube with a coolant flow rate of 3 gpm. Materials include copper; 
electroplated fiickel, chro iairn, gold, and silver; plasma-sprayed TiC nickel, chromium, 
and al~minamm; and braa POCO graphite. ‘The plasma spray techniques frequently did 
not offer sufficieo t conduction. Of particular interest i s  the graphite, which easily survived 
the tests with a r ~ ~ ~ ~ ~ ~ ~ u ~  of erosion. These techniques can also be used for limiters. 

The benefits of matched antennas are realized only with a matched feedthrough. 
High-power, SO-SE feedthrough have been built, tested, and modeled. Prototypes have an 
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irisxiion voltage standing-wax ratio (IVSWR) of < l .  15 for frequencies of <400 MHz. 
This was well correlated with a 2-D Poisson solver that computes the feedthroiagh’s 
impcdance a? a function of frequcncy. Other models that we havc dcsigned and are build- 
ing are predicted to have an IVSWR < 1.03 for f < 400 MH7. The feedthroughs have 
becn tested to 80 kV for 5 s and 610 P, far i s with no problems. 1‘hrs is more than suffi- 
cient for 1- to 5-MW anteilnias. 

6.3.3 R F  T?ceo~eiical S;ippo;t 

6.3.3.1 l’henry of feedtbmrghs: wave transmbsion awd voltage ctsracteristics 
of high-power currerii feeds for ICRFB 

J. H. Whealton, R. J. Karidoi-,, I1 J. Hoffman, ‘1’. L. Owens, M. A. Bell, F. W. Baity. 
J. I,. Bledsoe,* aild W. K. Recraft 

Using circuit theory and so1u;ions of a scalar 2-D Laplace equation for the: electrostatic 
potential, we examincd several feedthroughs for voltage holding, voltage standing-wave 
ratio (VSWR), and impcdance charactcristics. Suitable inhoniogcneolls Dirichlet, scalar 
bonndary conditions were imposed for the potentials for the calculation of the electrostatic 
fields. The inhomogeneous vector Neumann boundary conditions on the surface of the 
dielectric wcre dispatched by use of a conformal mapping. 

Several feedthroughs wcrc examined. old PL‘I designs, designs for TEX TOR, and 
several ORNk designs that have beeii built and tested. Some of these feedthrough config- 
urations ‘nave becn optimized io piovide constant 50-Q impedance or minimum VSWR. 

A high-power rf gas-vacuum interface, or feedthrough, is an important component of 
the rf transmission system. An optimal design must eliminate corona points, as described in 
rcf. 15. It is also desirable to reduce the VSWR as much as porsible. We solved Il,aplace’s 
cquation, including boundary conditions for dielectrics, for geometries of interest to deter- 
mine field stress points Also solved were differential circuit equations, from which 
impedances and VSWR arc obtained. Some sf the feedthroughs of ref. 15 were considered 
in this light, as were the old TEXTQR dcsignI6 and more recent designs in which the 
VSWR has bceI; miniiinked. 

Nine feedthrough configurations were examined; geometries are shown in Fig. 6.16. 
The locations of the dielectrics are also d~owim. Eqripotentials for all nirre cases are shown 
in big. 6.17. Impedance as a function of length is shown in big. 6,18 for cases 2 6A. Fig- 
ure 6.19 shows the VSWR for cases 2- 6A. 

Cases 1 and 2 were used on PiA1’ and dre described in ref. 15. Case 3 was used in 
‘TIXTOR at Julich.I6 Cases 4-6 are new OWNL dcslgns. The principal result i s  embodied 
in Fig. 6.19. The lower the VSWW, the fewer the: voltage breakdowns that will occur in 
these feedthroughs. rhus,  it i s  desirable to rcduce the  VSWR value 10 as close to unity as 
possible. The VSWRs of cases 4A, 5A, and 6A havc been reduced by over an order of 
magnitude from the reference case 2 described in ief. 15. In addition, cases 4 6A all 
employ cylinder ceramic insulators that are available off tht: s.helf, Cases 2-6A also avoid 
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corona points, which are shown in Fig. 6.17 for case I ,  Thereforc, geometries like those of 
cases 4A 6'4 arc; recsmmende for the most tr~~ble-fr~ree feedtbroughs far high-power 
ICRI-8 launching structures. 

*(:urnputing and TePecommunica~ions Division, Martin Marietta Energy Systems, Inc. 

~~~~~~~~~~ wavegui 
r n ~ i ~ ~ r n ~ ~ ~ ~ ~ t t  K R H  launchers 

J. T I .  Whealton, . J. Raridon, M. A. Bell, D. H. Wooten, R. w. McGaffey, 
D. J. Hoffman, S. Y. Ohr,* and W, R. Becraft 

In a vacuum the three-dimensional (3- equations describing the electroniagnetic 
fields of an IGWH launcher structure can be vector linear homogeneous Helmholtz equa- 
tions for the electric or magnetic fields. These solutions are constrained by 0 . E 0. If 
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Fig. 6.18. VSWK for CRWS 2-6A of Fig. 6.16. 

the boundary surfaces are normal or paialiel tn the coordinate wrfarcs, the bouridary con- 
ditions are homogeneous Ihriciikt  or Neumann coditions for ideal metallic conductor 
boundaries. For boundaries riot suitably arranged with respect to the coordinate system, 
the Neumann boundai y conditions arc linear inhomogencous. For driven devices where 
wall currents are imposed, the Dir ichlet boundary conditiolls are also linear inhomogene- 

We solve these equations by a straightforavard iteration tecliniqrle that finds the correct 
eigenvalue and cigenfunction simultaneously. Che coefficients of the difference equations 
are written out of core. The inhomogenous Neumann boundary conditions are iterated 
until convergence occiirs. 

ous. 
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An exampfe of a solution with mod% contours is shown in Fig 6.26) for a Fb r ~ d e  irL 
a ridge waveguide. ta slow-wave launching structure is shawrn in Fig. 6.21. The device in 
Fig. 6.22 is similar to that in Fig. 6.21 except that a ~~~a~~~ shield Bpss been added lo 
protect the antenna from the heated 

e are  en^^^^ an algorit ccour-it far finite %Val1 GOPndUCtiVitY by R further 
iteration. Th6: iteration will start with the solution for infinite ~~~~~~~~t~~~~~~ Wa II current3 
will be computed from the solution to the magnetic f near the wail, A 
parallel electric field on the boundary will hf: cosraple 
geaious ~ ~ ~ n ~ ~ r ~  condition will be imposed on the sol 
ticsn for E. A new E an Wil l  be cQmgU&e and thc itcrativc proccss will mntinw~ 

'Computing and 'Teleconnmuni@aiiotas Division, Marlin Marietta Energy Sys~enns, Inc. 

2% -0 

Fig. 6.20. TE mode in a ri 
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23 

\ 
Fig. 6.21. ~ ~ ~ w ~ w ~ ~ ~  ~~~~~~~~~ stmc re. The vertical ellipti- 

cal boundary is a current strap, and a cavity with capacitor plate is 
attached at the bottom. The. structure is in lowest mode with no 
current in thc current strap. 

e ORNL RF Test Facility 

H. C. McCurdy, W. L. Gardner, F. K. Booth,' 6. F. B ~ w l e s , ~  R. A. Brown, 9. L. Burke,? 
P. B. Bairn,$ E. J. B y r n ~ s , ~  D. B. Campbell,* R. L Livesey, J. B. Mankin,** 
T. J. McManamy, J. A. Moeller, J. A. Moore, K. W. Prince, L,. A. Ray,* 
P. M. Ryan, 9. P. ScRubert,* C. K. Thomas,+ R. A. E. R. Wells,t 
J. A. Wbite,*T. L. White, and €3. E. Wright 

The RFTF is being constructed in Bldg. 9201-2 as a development support tool to pro- 
vide the necessary environment for testing the high-power, pulsed or cw rf components and 
systems being developed for applications on plasma confinement devices. The facility is 
scheduled for completion by September 1985. 
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ORNL-DWG 852874  FED 

Fig. 6.22. Structure similar to that in Fig. 6.19, with a Faradmy 
shield added to protect the antenna from the plasma. 

The core of the RFTF is a simple magnetic-mirror configuration in a lead-shielded 
enclosure. The configuration consists of two superconducting magnets built for the ELMO 
Bumpy Torus (EBT) Proof-of-Principle project (see Sect. 2.21, placed on 112-cm centers 
and sandwiching a vacuum vessel, which serves as a test chamber for antennas and other rf 
components. A steady-state plasma can be formed in the test chamber by electron cyclo- 
tron resonance breakdown, using microwave power from an EBT 28-GHz gyrotron soLirce. 

The main access opening of the test chamber is 74 by 163 cm, which IS large enough to 
allow testing of full-size launching structures proposed for QUI-D and TFTR. Additional 
access for test components and diagnostics is provided by a large (35 by 25 cm) port on 
top and several smaller, round ports. Subsystems include a turbopump-based vacuum sys- 
tem; a closed-loop, helium refrigerator/liquefier system; and an instrumentation and con- 
trol center located in part of the former EBT-Scale control room. The facility arrangement 
is shown conceptually in Fig. 6.23. 

Components and systems to be tested can be energized with rf power from a variety of 
rf sources available in the development program. When the facility is brought to full 
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@ M A G N t r  PROTECTION EQUIPMENT 
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@ LEAD SHIELDED TEST ENCLOSURE 

@) RF TEST CELL 

Fig. 6.23" Cutaway drawing SB the RFTF. 

operating status by installing water-cooled panels (being prepared under a related pro- 
gram), it will test rf components and systems to 1-MW cw power levels in the frequency 
range of 48-80 MHz. 

6.3.4.2 Stam4 

During the first part of 1984, approval to proceed with fabrication and construction 
was withheld pending review of the conceptual design by potential users. As a result of this 
review, the test chamber was enlarged to its present size to make the main access opening 
as wide as the largest port on TFTR. Full approval was received in May 1984 after the 
project management plan was accepted by the Departrnent of Energy (DOE). 

An engineering review of the overall design was held in November, when the detailed 
design was approximately 80% complete. The review gave confidence that the design was 
technically sourld and consistent with the project criteria. At the end of the rcport period, 
the design was approximately 90% complete. 
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Major procurement and fabrication are about 75% complete. The vacuum vessel was 
fabricated by Y- I 2  shops and delivered 011 schedule; the helium refrigeratorlliquefer Ys 
reported by the supplier to be complete and ready for testing in January 1985. Testing of 
the rnagncts has been completed (Sect. 2.2$, and the magnets are on site and ready for 
installation. 

Construction and installation of equipment i s  about 20% compIete. Rust ~ n ~ ~ n ~ e ~ ~ n ~  
completed ~ o ~ s ~ F u ~ ~ i o ~ ~  of' the facility enclosure and equipment platform an 
ling utilities. F B ~ u F ~ s  6.24 and 6.25 show the vacuum vessel and the facility enclosure rat 
the end of the report pericsd. 

"bngiiiecr trig Division, Martin Marietta Energy Systems, Inc. 
+Management Services Section 
tQuality Assurance and lnspection 

' h r c h a s i n g  Division, Martin Marietta Energy Systems, Lnc. 

** 
Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc. 

G. R. Haste 

The contracts with Hughes Electron Dynamics Division and Varian Associates for the 
development of 60-GIt3z gyrotrons were completed during 1984. Both programs have 
resulted in tubes that have been sent to plasma physics experiments. 

'T'he Varian cw program has resulted in an impressive performance. One tube produced 
200 kW with 9510 of the output in the TEo2 niode. This power was produced in a cw test 
for a period of 2 h. In a repetitive test, the tube was pulsed on for 3 s, then off for 5 s, 
10,000 times. In another type of pulse test, the tube was turned on for 30 s. During that 
time the beam current can he expected to decay due to cooling of the cathode as the elec- 
trons are emitted. However, a technique was demonstrated for dpplying additional cathode 
power to compensate for the cooling, with the result that the current stayed constant dur- 
ing the 30-s pulse, except for a 5% overshoot at thc beginning of the pulse. The contract 
reached an end before the last tube in the development chain could be brought to the same 
operational performance. 

Bids were received from four different tube manufacturers for a program to develop a 
1-MW- cw gyrotron at 120 GWz. Those bidding were Hughes, Litton, Raytheon, and 
Varian. These bids were evaluated, but 110 contract was let, at the direction of DOE. 

A contract was let in March 1984 with Varian Associates for a gyrotron power source 
at 140 GIIL. This contract is expected to take 32 months and to result in a source that will 
produce 200 kW cw with two IOQ-kW tubes. The design of the first tube in the develog- 
ment chain was completed in 1984. 

Varian received the modulator/regulator equipment from t J V C  for use on the super- 
power test facility. An extensive effort by Varian engineers was then undertaken to adapt 
the equipment to the Varian test stand. 
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sts in place in ~ ~ ~ I ~ ~ ~ ~ e .  View shows auxili- 
ary cooling lines and instrumentation on west side of vessel. 
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Fig. 6.25. RJTF enclosure during constrructiom in Btdg. 9201-2. Some shield panels have been 
removed to allow installation of equipment. Vacuum vessel and one magnet support can be seen 
through the opening. 

The window development activities resulted in data showing the importance of S ~ Q W  

crack growth in alumina and beryllia. The relation between the applied stress and the 
growth rate for crack propagation was determined. The growth rate was shown to increase 
in the presence of moisture, as a result of the chemical activity. 

Measurements of microwave absorption by candidate materials for gyrotron windows 
have led to the selection of sapphire as the best choice for the 140-GHz gyrotron. The 
most recent samples have shown absorption roughly one-fourth that of alumina, the next 
best candidate. Although thc: sapphire is not as tough as the alumina, the lower absorption 
results in less heating, less thermal stress, and a greater margin of safety. 
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strides were made in the ~ ~ ~ ~ e ~ e ~ ~ ~ a t ~ ~ n  of the ~ ~ ~ ~ ~ ~ a t ~ o ~ a l  Large Coil Task 
ring 1984. Three of the six test a d s  were delivered, fdcility shakedown was 

The Swiss coil was delivered in February, the European Atomic Enorgy Commission 
November, and the General Electric Company coil. in November 
atioxas and completion by shops nt Oak Ridge Gaseous Diffusion 
stinghouse Electric Corporation finished installing conductor in 

The first period of shakedown operation, with the Japanese anti General 
/C) coils in placc, ended when leaks developed in the GD/C coil. 

While the leaks (in iar inme injection tubes) were being repaired, the Swiss coil was set in 
the test stand and its helium and instrumentation were connected. Operation resurned in 
June and continued into September, including 59 days at temperatures below 80 K, 
without any new leaks in any coil or any major breakdown of equipment. Operation 
showed that in only on important arm the liquid helium system--avere substantial 
~ ~ ~ r 0 ~ 7 ~ ~ e ~ ~ t s  required. espite the deficiencies in the helium system, which must be 
remedied before six-coil tests begin, a satisfactory availability factor was achieved, and 
~ ~ r f ~ r ~ ~ ~ ~ ~ ~ ~ e  met the needs of the partial-array test. Xiidtcated needs for sther repairs, 
ad justxnents, and modifications of the facility systems were relativeiy minor. 

In the coil tests, the Japanese and GI>/$: coils ere each operated up to full design 
currznt (10.2 kA) with the other coil serving as an a acent background coil at 40% of full 
current. Cryostatic stability was demonstrated by spontaneous recovery after half-turns 
( 5  ni) of conductor were driven normal by embedded heaters. The forced-flow cooling uf 

conductor and coil case worked well, enabling good control of temperatures dur- 
wn and warmup. None of the coils developed helium leaks during h e  tests. 

Numerous research and ~ e ~ ~ l o ~ ~ e ~ t  tasks were accomplishe an 1984 in SUppQmt Of the 
LCT, ~ ~ c ~ ~ d ~ ~ ~ ~  verification tests of SOMC elements of the ~ ~ ~ s t i n ~ ~ o ~ ~ e  coil and various 
tests to shed light on questions arising during installation and coil testing. Work on 
advanced conductors and magnet technology also produced some notable progress. 

accomplished, and preliminary operational tests were ~ ~ r ~ ~ r ~ ~ ~ ~  on three coils. 

their coil and made substantial progress on the final assembly tasks. 

Far more than a decade the RNt Fusion Energy ivisiora has had a leading role in 
the development of superconducting magnet systems for toroidal fusion reactors. Since 
1977, the greatest part of the effort has been devoted to the Large Coil Program (LCP) 
and its outgrowth, the international Large Coil Task (L,CT). The International Fusion 
~ ~ i ~ e r c o ~ i ~ ~ c t ~ n ~  Magnet Test Facility (HFSMTF) (prevbusly called the Large Coil Test 

7-5 



7-6 

Facility) at  Oak Ridge is thc focal point for the collaboration by the lJnited Statcs, the 
Furopeam Atomic Fnergy Commission (EURATOM), Japan, and Switzerland in the LCT 
under terms of an Intetnational hnergy Agcncy agreement. In the IFSMTF, six different 
toroidal field QTF) coils will be operated a toroidal magnet system. with each coil tested 
in t u i n  io dctermine its capabilities. The United States is pioviding the facility and threc 
of thc test coils; the other participants, one coil each. On behalf of the United States, 
ORNL acts as the operating agent for the ECT. The facility is operatcd by qualified 
members of the division staff. On-site repreaentatives of all LCT participants work 
together in planning and cdrrying out the coil tests. 

I n  previous years, facility constiuction was completed and the coils from Japan arid 
from General Dynamics/Convair (GU/C> werc installed. Shakedown operation of the 
facility with the two coils in place had just begun at the end of 1983. 

Rcsearch an$ development (R&l)) activities in direct support of the IAY, carricd out 
in the division’s Magnetics and Superconductivity Section, include work on coil diagnostics, 
instrumentation for cryogenic service, conductor verification tests, and cryogenic tests of 
various components. 

I n  addition to the J,C’x‘, work at  ORNE continued to advance supcrconducting nnagiiet 
technology in areas specific to fusion applicatiom by developing better analysis techniques, 
gcwrating basic dc5ign hformation, dnd evaluating small quantities of cxperirnental con- 
ductor embodying advanced concepts. 

Other magnet technology activities have included participation in the fabrication and 
testing of developmefit coils for the ELMO Bumpy Torus Proof-of-Principle (EBT-P) Proj- 
ect and development of joints for the Advanced Toroidal Facility (,4Tb) coils. 

7.2,R ’I’cst Coils 

Three of the six LCT test coils were delivered to the IFSMTF during 1984. The Swiss 
coil, constructed by Brown Boveri, was delivered in Fcbruary and placed i n  the test stand 
in March ‘The EURATOM coil, after being tested alone at currents up to 10 kA at 
Karlsruhe, Federal Repiablic of Germany, was shipped to Oak Ridge, arriving in 
November, and placed in the test stand in December. The second U.S. coil was delivered 
to the IFSMTF as soon as the EURATOM coil was in place. 

This coil was desigiied and partially completed by the General Electric Company (GE), 
Schenectady, N.Y. Work on this coil at GE was stopped in 1982, when design deficiencies 
became evident and manufacturing efforts were hampered by organizatiornal problems at  
Schenectady. The Departmcnt of Energy (DOE) arid OKNL put tbc coil. in storage while 
its fate was decided. It was found that the coil could be upgraded for full service by means 
of sophisticated design and highquality fabrication. This work began in the shops at the 
Oak Ridge Gaseous Diffusion Plant (OWGDP) in 1983, and the foreseen bolting and weld- 
ing were completed that year. Work on the coil was prolonged, however, by additional 
problems discovered in the course of the planned tasks. Correction of these problcms at  
ORGDP was completed late i17 November 1984. 
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During the first nine months of 1984, stinghouse Electric Corporation (Westing- 
house), using two winding lines arid arm exte work schedule, finished installing conduc- 
tor and sensors in the grooved aluminum plates ol the third .s. coil. As each of rhe 24 
plates was wound, another was placed QII top of it, the conductors connected, and the ncw 
plate wound with insulated conductor. Electrical tests at each step verified the voltage 
withstand capability. In this ni;.l~iiier two coil halves were built up. The two halves were 
brought together in October. The remainder of 1984 was spent installing the bolts that 
hold the plates together. This task entailed cfrilling out the 426 holes to provide snug fits 
for the high-strength bolts. 

7.2.2 Prog~am M ~ ~ a ~ e ~ e n t  

Program management in I984 siiccessfu ?y dealt with a wide variety of tasks. Develop- 
ments in the Wcstingfwwe coil project called for nianagement actions affecting both busi- 
ness and technical aspccts of the project. Program costs were a major concern, especially 

cause of the substantibl, ~ ~ ~ i i t ~ ~ ~ ~ a ~ e d  effort required to repair leaks in the G 
cause of major pertrirbations in the planned test program, the importation of 

with associated equipment, and the assignment of numerous on-site reyresent3tives, 
international eollaboration in the HAC'? was again put to the test. As before, the interm- 
tional organization groved effective 111 working out mutually acceptahk solutinns to prob- 
lems. 

Coordination of coil installation, facility modifications, operations, and coil testing con- 
tinued throughout thc year. Costs and benefits of numerous proposals for modifications or 
additions to the facility were evaluated and decisions reached. The pulse coil system and 
the hetiurn refrigeration system received especially intensive evaluations. 

Interaction with Westinghouse management resulted in an agreeinenit to share costs, 
substantially reducing the ultimate cos1 to the government. Technical monitoring of West- 
inghouse work continued as required throughout the year. Westinghouse proposals far revi- 
sion of schedules and cost estimates were scrutinized in detail, and acceptable agreements 

When leaks interrupted facility shakedown in January 1984, program nianagement con- 
ferred with advisors, then met with LCT project officers in a special meeting in February 
to consider alternative proposals for testing with one, two, or three coils. Afterward, 
QKNL worked out detailed schedules with on-site representatives and submitted a prc~posal 
to the LGT Executive Committee. Plans for partial-array tests were developed, and ap- 
proval was secured in tbe semiannual IXT meetings at Oak Ridge in May. A steering 
committee including both ORNL and foreign participants met weekly throughout the year. 

Program management dealt with duty-free import of the Swiss coil and special equip- 
ment and with the assignnients of additional Japanese, EURATOM, and Swiss representa- 
tives to work at the IFSMTF. 

Government-owned equipment was moved from GE's Schenectady plant to storage at 
Princeton Plasma Physics Laboratory. Tn response to a request from the Massachusetts 
Institute of Technology (MIT) fusion laboratory for surplus unxcacted Westing- 
house/Airco conductor, LGP management released this material as soon as warranted by 
winding progress at Westinghouse. ORNL worked with Oxford Airco to obtain required 
documentation and archival samples and to store other government property. 
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In rcsponse to a request by the DOE Office of Fusion Energy {l>QE-OFY;:Q, L C I  
experiencc was reviewed ‘4 report on lessons learzed that would be of Lcwcftt to the fiision 
program was completed. approved by ORNL managemxi;, and submitted to DOE. Useful 
information derived from thc cxpcrience Yith ‘I J.S. coils and the test facility was dissex- 
mated to U.S. fusion program plaiiiicrs and niagmt designrrs through quarterly reports 
and technical papers. 

Program n~anagemeni inaintainzd closest contact with ilie work at OMGDP on thc GE 
coil, arranging for specialized suppioc t and providing guidance on technical and schedillr 
matters. 

4 t  the October meetings of the LCT pmject officers arid executive zornmittee, the 
resu!ts of activities at the IFSMTlt were ~ S S F S Z ~  and agreements w r e  reachsd oil plans 
foi installation of the remaining coils and equipineat. Arrangements sveic madc for thc; 
receipt of the EURA SOM coil and special eqiiipmclct, the assigamcnt of KeriSoisChllngzi- 
~ c n t i u r n  Karlsruhc ( K f K )  staff nicinbers to pnrticipate in its installation, and an appropri- 
ate cereiwny marking its arrival 

7.2 3 Facility Oprratiow; 

A major step in the interimtional program wi$ accomplished iil 1984, when the 
IFSM’TS. wa? operated for a substantial period of time, with acceptable availability, pro- 
viding all services neccssary for testing an airay of three coils from Japmi, S 
and thc United Statcs This took place from mid-J:anz :brough Sqtcmbcr.  

At thc first of the ycar, integrated operation of all facility system had just bzgun. The 
refrigerator was y i t  into operation and cooldctwn of the test statid bcgm in the first half of 
January. Wheir the temperature reachcd 170 K, helium began to leak excessively fro= the 
GD/C coil, rlne test stand was warmed hack LIP dnd the v m m m  tank was opcncd to hunt 
the leaks, concluding this period of operktior 

After repair and reinstallation of the GOJC coil a d  (pai thl)  installation of the Swiss 
coil (described in Sect. 7.2.5), the vdc!ium tank was closed in mid-J’unc. Startlip operations 
were interrupted by a helirirn leak at  a bellows joirrt ia a superconducting k m  jarke:. The 
tank was opened, repairs made, and the tank c--ariiatcd agai: ‘-y the end of June, 

Cooldoww by circulation of helium gas roolcd with liquid nitroge;] began on July 3. 
With the conservative limits on allowable tempr;starc differences set by the lest  
Analysis Group, thc rate WE limited to about %(? K per day, but contiol war, quite good. 
Wheii the temperature reached :*bout 108 K, cooldow~ was inter1 uptsd to liquefy thc 
amount of helium required for operation and tlicw continued wit!n the refrigezitor opzmt- 
ing to produce low-temperature helium gas Supcrconductivity was observed in all thicc 
coils on July 21, and by Ju ly  26 all coils had bccn filled with liquid and wcrc fully supcr- 
conducting. Escalation of coil currents was delaycd two weeks wl~e_n, air !caked into the 
vacuum jacket 011 thc helium storagc dewar, resdting in thc :ass of same lielLm and the 
need to dry the jacket, repair the vaciium system, and reliquefy 1nc:ium. 111 an intensive 
period of operation between August 13 arid Se$:mber 3 ,  all planned coil tests wcre satis- 

After the electrical tests. the helium system was operatcd in a sirnrilation o f  foi@d-flow 
coil tests The bath in  the auxiliary cold box was operated at 0.5-atm pressare to reducc 

factorily completed 
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Recovery tcsis designcd to explore the inherer,t stability designed into the GD/C and 
Japarese coils WE successfiilly conductcd and analyzed. Both coils recovered from a COD- 

dition of a half-turn dtiven m m a l  while operating at 10.2 kA and fields up to 6.4 T. 
The partial-array tests proved the unique picktap coil compensation scheme dcvelopcd at 

ORML for multicoil operation, which makes it possible to distirgeaish m a l l  resistive volt- 
ages iadicative of normal LOWS from the larger inductive voltages encountered. 

On .site representatives of all JET participants actively engaged in testing and analysis 
activities. The WO: k is documented in a paper presented at the Applied Superconductivity 
Conference only two wecks after the conclusion of tlic tests.' 

During a total of seven months in 1984, the principal activities a t  the IFSMTF wcrc 
installation of coils and equipment, repairs, and modifications. 

Immediately after the vacuum tank was opened on January 26, leaks were found at 
tubes that had been welded shut by GD/C after polyuretlaane was injected through them 
between the winding pack a d  coil case- Since some of the kaks were in thc coil face 
against the bucking post, the coil had to be completely disconnected and removed from the 
test stand for repairs. Inspection showed that urethane vapors had contaminated closure 
welds, leading to subsequent cracking and leakage All port welds were cut out, urethane 
was removed, and new plugs were welded in place. After sensitive helium leak tests, cover 
plates (or additional weld metal) were applied to further reduce the risk of leakage. Tests 
of all scnsor lead feedthroughs and thin-section welds on the GD/C coil detected no leaks. 

Because of previous experience with damage to sensor lead insulation during work 
inside the tank, steps were taken while the coil was out to improve the electrical insulation 
and protection of all 120 cabl~s  from sensors i9side the coil that might see high voltagc 
during a dump. Teflcn tubing was shrunk onto each cable, and bundles of cables were 
sheathed in larger tubing. '%'ests showed no breakdown in the leads after this treatment. 

Meanwhile, the Swiss coil arrived at the IFSMTF on February 2. With active partici- 
pation of the Swiss representatives, it was quickly tested and prepared for installation. Fol- 
lowing the decision of the LCT Executive Committee to install the Swiss coil except for 
high-current leads, the coil was set into the test stand on March 22 and its installation 
began. 

Repairs on the GD/C coil were completed and it was returned to the test stand on 
May 10. The installation work on the GD/C and Swiss coils was completed, access equip- 
ment was removed, and the vacuum tank was closed on June 14. 

Helium leakage detectcd inside the tank during startup w a ~  traced to a welded joint 
between bdows and pipe sections of the helium jacket on a superconducting bus. A 
backup seal with silver solder proved to be an acceptable repair. During operation, a small 
leak persisted but did not increase in size, (Leakage rates changed only with temperature- 
dependent helium properties.) 

Measurement of voltage withstand capabilities at the end of cooldowti, with coils and 
lead dewars filled, showed irncipient breakdown in the GD/C system at 600 V, while the 
Japancse coil passed 1500 V. An acceptable operating margin for dumps up to 40% 
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current was obtained by soft-grounding the center tap on the GD/C dump resistor and 
reducing its value by 33%. 

During the operating period, Y- 12 Maintenance forces were preparing for ~ n s t ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~  
of the pulse coil systcm and lhe other test coils. By ctober 15, all  temperatures wcw 

above the dewpoint of the air, and the tank lid was removed. Access equipimwt was 
installed, and structural elements of the test stand were removed as necessary for installa- 
tion of the other test coils. 

Installation of the pulse coil system began in November with the six supports for the 
segmented, circular track. Half of tbe track was installed (through the bores of the three 
test coils already in place). Then the coil/torque bedm assembly was set in place on 
Decemher 1 1 .  

As expected, the shakedown operation of the facility showed a need for nunierous 
minor repairs, adjustments, and modifications. In general, however, indications were that 
the facility, with the notable exception of the helium system, would perform satisfactorily 
during the ultimate six-coil tests. All participants agreed that the performance of the 
helium re~rigerator / I ique~~r and distributionlstorage system would have to be upgraded. 
Plans for upgrading the helium system were worked out with consultants an 
participants. 

Vacuum-jacketed helium transfer lines that had excessive heat leakage during shake- 
down were removed, repaired, and replaced. The anomalously high boiloff from the vapor- 
cooled leads and dewars was investigated by a laboratory test of a lead (see Sect. 7.2.6.4). 

The EURATOM coil was transported from Karlsruhe, arriving at the IFSMTF on 
November 28. Inspection showed it to be in excellent condition. Preparation for installation 
began immediately, with participation of several KfK staff members. On December 13 t 
coil was the center of a ceremony involving high-ranking DOE, German, and EURATO 
officials. It was then set into the test stand on December 17. 

cleaned and inspected, and installation of external instrumentation began. 
The CE coil was delivered from the OKCDP shops on December 20. The coil was 

7.2.6 LCP Research and Development 

7.2.6.1 Tests of Westinghouse conductor 

A series of short-sample tests of full-size, prereacted Nb& conductor was perfcmxed 
to check the use of conductor with known manufacturing or  handling flaws. The con 
was manufactured by Airco Superconductors for the Westinghouse coil. Its bending history 
in the coil was duplicated for the tightest bend (18-in. radius) in the high-field region. 
(Bending at the plate entry may be of smaller radius, but fields at these points are l m x h  
lower.) The two samples were representative of the two worst cases anticipated in the 
coil-a length that was heavily sintered during the heat-treating process arid one that had 
been bent in the wrong direction and then restraightened before bending correctly. The 
samples were tested to the full peak field (8.8 T) and current (24 kA) expected in the 
extended operation (140%) case. The results showed that in spite of the severe handling, 
the conductor will probably perform acceptably even under extended operating conditions. 
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Eight saniples of full-scale ECP conductor and two resistance-welded joints were tested 
in a split solenoid capable of up i o  8 T over a conductor length of 15 cm. The available 
current 'upply could provide 24 kA to two samples connected in scries with a joint at the 
lower end in a low-field region. The samples Inc:inded section? of the transition between 
swaged end and ~ablc ,  good-quality conductor, and some heavily sintered conductors. A11 
were hen: arordnd various diameters, then straighteced for testing. Since 24 kA at 8 'I' was 
less than the critical current of the good @anductois, a quantitative detcrmination of degra- 
dation due to these various factors could not be made. IPowcwr, only two samples of the 
eight tested showed degradation to about 21 24 kA at 7.6 T, which gives confidence that 
the conductor performance should not be limited b y  the various bcmding operations in the 
coil, if the condirctor is handled carefully. The resistance-welded joints showed a resistance 
of l K 9  Q at 20 kA arid 3 T, a satisfactory value for the LCP coils. 

7.2.6.2 PPigh-voBtage, low-energy test of GE coil 

Shorts or breakdowns betwcen sensor leads and from leads to conductor DP coil case 
wcre encountered during assembly of the GE coil, Concerns about possible ddirlage during 
a dump from high-cutrent operation called for a method of testing a coil with high voltage 
from terminal to terminal but with negligible risk of damage. Saich a method was devised 
atid applied to the GE coil at  ORGDP. The coil was charged to very low currents (in the 
milliampere range), the circuit was opened suddenly with an electronic switch. and tlic coil 
wzs allowed to "ring down" at  its natural frequciicy while the terminal-to- terminal voltagc 
and wave shape were monitored with a real-time oscilloscope. This dc=monstra:cd linearity 
a i  low voltages. The low-currcnt data were extrapolated to require a I-A charging current 
to produce the debired 1-kV terminal voltage. The tota! stored energy corresponding to 1 A 
i s  1 J, an amount previously shown to be too small to therxally enlarge prcexisting defects 
even if the total energy were available for deposition at  the supposed fault. For the full 
test, we increased the charging ~ i i r r t ~ t  in small increments, beginning at  1 mA and ending 
at  1075 m h  when the peak terminal-tcr-ternm7ilral voltage reached the desired 11000 V. 

'7.2,5.3 1 ~ ~ ~ ~ ~ ~ 5 ~ ~ ~ ~  sf CD/C se 

kxause of experience with physical damage to lcad insulation and undesirably low 
breakdown voltages in the GD/C coil electrical system. a proceduic for improvements was 
developed in the laboratory and applied while the GD/C coil was out of the tank for rcpair 
of scal welds ow the polyurethane ports. The upgrade consisted of slceiring individual cables 
with heat-shrinksble Teflon tubing, separating the cahles into 38 bundles- inserting cach 
burrdlc insidc a 0 75-in. Teflon semirigid conduit with 0.04O-h-thick walls, casting new 
Hlu:: Stycast 2850 F'L' potting on the coil connector potting to extend over the ends of the 
heat-shrunk TeWm sleeved cables, and heat shrinking larger polyolefin tubing over the 
t r m 4 t k n  length between coil connector and 0.75-in Teflon conduit. 

I Iigh potential voltage (hi-pot) tests were performed on the cable bundles befcrc the 
polyolefic tubing was put in placc The coil connectors were bagged, and heliuni was intro- 
duced into the bag and flowed out of the free end of thc 0.45-in. conduits. Calibrated 
spark gaps WCTC used to cnsure the purity of the cxiting helium. Electric potentials of up to 
8.5 kV dc were applied to a bare copper wire that ran the whole length of the  cable bundle 
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in5ide the conduit and wrapped around the connector Stycast potting. The shield wires of 
the cables and d l  other ~ r ~ ~ ~ n ~ ~ ~  parts were the negative electrode. There were 35 bundles 
of cables and 23 coil ~ ~ ~ n e ~ ~ ~ ~ ~ s ~  defects involving 8 connectors or their associated hiundles 
were found and repaired, 
tubing, but there were some defects in 
cracked ptt ing.  After the repairs;, all 
spheric pressure. 

defects were pinholes or cuts in the Teflon shrink 
the connector potting, sume broken wires, and one 
bundles passed the M.5-kV test in helium at atmo- 

T0 contribute to t e ~~~~~~s~~~~~~~~ of performance observed wing the partial-array 
operation of the 8F:SAMTH:, a heat-load test of one vapor-cooled lead (V@L) was performed 
i n  a facility lead dewar. was measured. 
Other test variables iraclu Bead and dewar 
shield tracing with and withouh liquid nitrogen cooling. The observed strong ~~~~~~n~~ on 
VCL flow was similar to the trend of data taken during the partial-array coil tests. Little 
difference was seen within the range of other variables used. The results are consistent 
with the 1982 lead tests by Miller and Lue' and showed a standby loss of about 24 k/h 
with all of the ~~~~~~~~~ gas flowing through the VCL. 

iram huiloff rate dS a function of VCL 
heating or not heating OD the tap of 

7.2,6.5 by ~~~~~~~c emission 

Equipment and procedures werc developed for using acoustic emission to ~ e t ~ ~ ~ ~ i ~ e  the 
location of electric ~ ~ ~ ~ ~ ~ o ~ ~ .  (The general technique was upplied previously in Japan.) 
Tihe requiremei3t originated with the GD/C coil. Even after the protection of the sensor 
leads was ~ ~ ~ r ~ ~ ~ ~ ,  hi-pot tests of the mil electrical system showed anomalously low 
breakdown voltages, Certain ~ ~ ~ d ~ ~ r o ~ g h ~  in the coil case were thought to be the most 
likely locations, but there was no way to subdivide electrically to verify this hypothesis. It 
was determined that significant acoustic emission accompanied the breakdown, so tech- 
niques were developed f0ar measurement (using existing equipment) and analysis. Tests by 
the end of 1984 showed that ~ r e ~ k ~ o ~ n  was occurring in or near two adjacent 
f ~ ~ ~ t ~ r o ~ ~ h ~  on the side of thc GD/C coil. 

7.3. I $ ~ ~ ~ ~ ~ ~ ~ y  

During 8984, an e ~ p ~ a ~ ~ ~ ~ o ~  was sought for some observations made by 9. C. Lottin 
and 9. R. ~ i i i e r , ~  who measured the stability margin of cable-in-conduit superconductors 
cooled by superfluid e-91. They found that below the limiting current the stability margin 
was nearly the same s when the conductor was cooled by He-1, but beyond the limiting 
current, until the transport current rcached a certain cutoff current, the stability margin of 

I was much larger than that of He-I. Calculations were performed that attempted to 
clrpiain these experimental results by showing that the cutoff curtent i s  ~ ~ t e r ~ ~ i ~ ~ ~ ~  by the 
Kapitea interfacial resistance; however, the required Kapitza resistance was much larger 
than directly iraetssused values. A program note was written to describe this phase of the 
work. 
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Later in 1984, a rapid, semieanpiiical method was developed for calculating the stabil- 
ity margins of supercondixctors cooled with subcoolad He-11. The methcld, bascd on a 
model of Seyfert ct al.,4 was compared with the heat transfer data of ref. 4, the Stability 
data of Meuais,' and the stability data of Lottin and The calculations are con- 
sistent with the data of Seyfert et al. arid Meuris but disagree with the data of J,ottin and 
Miller. According to Millei,' ihe disagreement cafi be explained by a failure of complete 
current sharing in the experiment of Lottin and Miller. rhis failure of current sharing a h  
explains the cutoff current of ref. 3, eliminating the need fer any other explanation. (This 
secoiid phase of the work 'vas peiformed by L. Dresner while he was on assignment at the 
Applied Supercoilductivity Cxnter of the University of Wisconsin, Madison.) 

This revicw paper, developed from an invited paper at  the 1983 Intcmational Cryogenic 
hgineering Conference, brings together in one article conccpts and methods, many of 
thcrn original to the adthor and his colleagucs, of using the various low-temperature phases 
of heliuin to stabilize supercoiiductors Special emphasis has been placed or1 three topic%.: 
internally cooled superconductors, cooling by super uid helium, and metastable niagnets. 

7.3.3 

I,. Dresncr 

Abstract ob "*Qaeach Energies of Potted Magaets"8 

The quench energy of potted magnets has been studied for two extreme models of the 
winding ( 1 ) treating it as an ansiotropic three-dixnmsional continuum and ( 2 )  ignoring 
heat corduction ili the epoxy and treating it as a one-dimensional contintiurn. For each 
mode!, we have obtaimd a formula for the point-source qucnch energy, complete up to a 
single undetermined constant, by applying a combination of dimensional and group- 
thcoretic argurncnt-s to the heat balance equation. The undetermined constant has been 
estimated by solving the heat balance equation approximately. Correction factors are given 
for taking into account the source's being distribiated in space and time. The formulas are 
compared with availzblc experinncntal data; agreement is fair. 

Superconducting liquid-helium-level prohaes of the type developed by American Magnet- 
ics, Inc., and used in IFSMTF will burn up if the signal conditioning unit is turned on 
while the probe is in vacuum. The usual niechanim of failure is for the superconducting 
wire to burn in two, stopping currefit flow in the heater, which is in series with the NbTi 
element, If the increase in the resistance of the superconducting Nbl'i element above room 
temperature is large enough, it should be possible lo add to the existing level readout elec- 
tronics an additional comparator and a current shutoff relay that would sensc overheating 
of a probe and automatically switch off the current. The current could then be turned on 
again with a push button when desired. With these considerations in mind, the resistance 
of a length of bar:: NbTi wire of the type used in American Magnetics level probcs was 
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measured over the interval from 24°C to 28 
temperature over the interval and at 200°C 
24OC. This resistance change is large ~~o~~~ to trigger active circuiery fcar switching off a 
superconducting level probe a d  thereby protecting it from overheating and huralng up in 
a vacuum. 

a value 8.45% great 

7.3.5 ~ ~ ~ ~ r ~ t ~ ~ ~  Facility 

h g  Test Experiment (CWTX) Pacility 
(an 8-T, 40-cxn-bore magnet with a 12-T, 22-em-bore insert), a new cryogenic dewar sys- 
tem was purchased and delivered in ctober 1984. The system, which has an inside diame- 
ter of 1 1x1 and is 1.8 ~n high, was ni iufactured by Cryofab ~ u ~ p a n y .  It also Includes the 
stainless steel structural suppert loor the CVVTX magnets and a test fixture designed for 
insert s&iple coil testiimg. This system, combined with our ~ ~ ~ o r a ~ ~ r ~  14 
refrigerator, will provide a complete facility fur testing large conductors or coils for high- 
field applications, such as those in reactor designs. The listed values (8 T and 12 T) are 
working field values in the bore of the yagnet. 

For more efficient operation sf the Coil 

'7.4 MAGNET TECHN 

In reporting the work a ~ c ~ ~ ~ ~ l ~ s ~ e ~  in 1884, we also discuss those aspects of magnet 
technology work performed for others. It seems consistent to report all (sf our magnet tech- 
nology development in one place, even though much of it is funded by other projects. 

7.4 1 

7.4.1.1 First two-coil test 

EBT-P Magmet ~ ~ ~ e ~ ~ p ~ ~ ~ t  Program 

The two-coil test or the E 
pleted. The two coils were ma 
charged in series to 1200 A three times. 
design out-of-plane naechanical load of 7 
current was the same as t 
the load was more than twice that to be experience 
ing in the present ~ x ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~  'The test verified that the magnets can 
with the out-of-plane lo applied and that t re l ~ ~ ~ ~ ~ n ~ ~ ~ ~ ~ ~  sound. $hi$ i s  
a significant point and uld not in the feast a routine test. When a magnet 
is tested by itself as these magnets were, the magnetic forces are ra lly o ~ t w a r ~  and 
axially toward the center (Le., the magnet tends to compress in len 
two-coil test configuration, the forces on the respective windings are attractive (Le., toward 

e plate of the bobbin). Tf the magnets were not ~~~~~d extremely t i ~ ~ ~ l y ~  then the 
oil  tests would create some space for sniall motivn in the two-coil test, and the: 

development coils Dl  and 2 was succRssfully corn- 
side by side with their cent s 60 cm apart arid were 

11200 A, the magnets produce 
00 Ib 011 each magnet. The a 

adio-Frequency Test Faci 

magnets would then either quench or train (is . ,  these are bigh-eurrent-density, h 
performance, n o n ~ r y ~ s t a b ~ l ~ ~ e ~  designs). Since ~ u ~ r ~ ~ h j n g  and training did not occur, 
test serves as a confirmation of the soundness of the design and a tribute to t 
magnet f ~ ~ ~ i c ~ t ~ ~ ~  technology employed. 
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- 
lest5 i.iltre ma& with heliam b ~ t h  prcssusc up to 18.5 p i a .  lhus,  the over?ressilrc of 

sevcial pomsis pc; square inch in the propcsed R F i k  operathe with d clsstx!-cycle refrig- 
erator shou!b f i ~ t  C ~ I J S C  any p r o b h ~ .  

111 leak developed in the \tack arca of Dl from &IC helium spircs k t o  thc 
vacuun: space, cairsiilg a heat ! a k  in D1 about t111-e~ cs that in D2. Ihc 'i~:: cf Dl  in 
Z F T i  is now dwbtfu!. Plairs w c x  made Is test and use 0 2  and D3 in series and to retain 
D1 for c ~ ~ e r g ~ n c y  us$:. 

After thermally acd electrically tcstiag 23 joint concepts, Enginccring Division staff 
selected (with approva! from Fiision Energy Division) the joint they considered most likcly 
to succeed. A backup joint was also selected. This milestone dccisim was exactiy on 
schedule l'hc joint will clectrically connect the hdical coil segments and rriust satisfy vcry 
stringent electrid,  thermal, and mechanical requircmeints The joint selcckrd i s  a lap-bar 
ccmbnaiior, that providcs better-tba c-average adjustments for a'rigamcnt hetween co:! seg- 

. It has a separate coppcr picse betweer conductors with an added coding channel. 
All tests indicated that airy separate yieccs netd supplc~ilcntal cooling Srsvera! more joint, 
conccpts x#i,IEZ bc tested beforc the first phase of tbc jcia,?; dcveloprccni program c d s  'I'he 
riri i  p h s v ,  a!acady iindee 
of asscnihliiig the scllcctcd concept. Also, more electrical, tdermce, acd fatigue te 

y, i s  to coiistauct a fiill-s~alc prstntypc to verify the 

afialysls arc pl; lnwd 



with an error in the PAFEC 
apparent reason, during a grid 
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Advanced system stu ies in the OWNL Fusion Program are carried out by the Fusion 
esign Center and the Fusion Environmental Assessinent Program. The 

activities of the Design Center included work the Tokamak Fusion Core Experiment 
(TFCX), the Fusion Power Demonstration (FP tandem-mirror reactors, and the Ignition 
Spherical Torus (1s"). In the assessment program, work continued an the generic environ- 
mental impact statement (GEIS) that will be required as the national fusion program 
advances. 

In 1984, the Design Center participated in  a wide variety of design studies for the 1J.S. 
Department of Energy. In ths first half of the year, the major emphasis was on the TF'CX 
devices. The Design Center developed the superconducting coil options and an independent 
copper coil option for the TFCX project and contributed substantially to selected design 
areas, such as rf systems, superconducting magnet systems, plant design, plasma analysis, 
and cost engineering. Design studies for the FPD series of tandem-mirror reactors contin- 
ued throughout the year and resulted in the development of configurations for three p s -  
sible devices. In the second half of the year, the tokamak effort concentrated on the Elf, 
which is a device with very small aspect ratio proposed by the Design Center as an ignition 
experiment that is potentially much less expensive than the TFCX concepts. In addition to 
the design studies, the Design Center led the development of a tandem-mirror systems 
code, completed two tasks for the International Tokamak Reactor, developed the fusion 
cost data base and associated methodology, and performed an assessment of the availabil- 
ity of fusion reactors. 

The Fusion Environmental Assessment Program continued to focus on developing the 
CElS for fusion. A revised preliminary draft GEL5 prepared in 1984 addressed a number 
of issues related to the introduction of central-station fusion power plants into the U S .  
energy economy. 

8.1 FUSION ENGINEERING DESIGN GENTE 

8.1.11 Fusion Power Demonstration Reactor Studies 

The Fusion Engineering Design Center (FEDC) supported the Lawrence Livermore 
National Laboratory (LLNL) in 1984 by developing configurations and performing sub- 
system designs for the Fusion Power Demonstration (FPD) series of tandem-mirror reactor 
(TMR) studies. 'The FPD device is an engineering test reactor (ETR) that includes all sys- 
tems required to demonstrate power production. Three designs were developed to meet the 
following common goals: 
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1. The central cel! should be ignited; that is, the power depxitcd by thc fusion alpha 
particles in the ccntral-cell p l a m a  volunic shauld balance the total power loss (cner- 
getic particles and radiation) horn this volume 

2. The central cell should br, no longer than necessary to achieve ignition. 
3. The device should generate ;let electrical power; that is, the e ~ g i n ~ t ~ i n g  Q (gross clec- 

tric power divided by reciimlating electric p w r )  should be greater tharr oi cqua1, to 
unity. 

4. The devicc should operate irr a long pulse (hours) ar,d achievc 50% availability over a 
20-year life. 

Thc objective of the bPx3 studies was to select a single concept as a b a s e l i i ~  for further 
detailed design and analysis. To this end, thesc three csnlfrguraticars we;e develspcd in 
enough detail to estimate their relative costs and to evaluate thc fuc! cycle, power conver- 
sion systems, rf and neutral beam injection (NBT j systems. magnet system, ami maintain- 
ability of each one. The priiicipal paramcters for thc three versions of FPD are, S ~ Q W ~  in 
Table 8.1. 

The plasma engineering configurations of FPD-I and FPD-I1 follow thc principles 
employed in the Mirror Advanced Reactor Study (MARS)' and comprise a Bow-field 
(2.5-T), solenoidal central-cell region; high-field (24-T), ccntral-cell chokc coils; and an 
end-cell magnet system that is composed of a double-quadrupole, anehnr/phg, yin-yaag 
pair (Fig. 8.1). Central-cell passing particlcs that become trapped iii the l0i:g cnd-~ell  tears- 
sition regions are radially "drift pumped" to the plasma halo and represent a majcr power 
loss from tlnc system. The engineering design pkibosophy for FPD-1 and FFD-II rcflects thc 
configuration developed in the 1383 'Tandem-Mirror Fusion Test Facility (MFW-B) 
upgrade studies that minimizes siLe and emphas: zes ease rpf 

Tlne FPl1-1 configuration has a 74-m-long central ce?l a id  produces 360 MW of fusion 
power. With a recirculation power of approximately 170 MW, this op'rh,  with minor rcvi- 
sions, could reach engineering brcakcven. ' lhe  most visible diffcrcnce !~et.iveci? thc MARS 

Parameter FPD-1 I-PD-II FPD-I11 

Fusion power, MW 360 
Q 75 
Wall loadin?, M W/m2 1.4 
Fueling cnrrcnt, kA 0.66 
Magnet configuration (end cell) MARS 
Choke field, 'r 24 
Central-cell Icngtk, m 74 
First wall radius, m 0.8 1 

480 
36 
1 
0.25 
MARS 
24 
96 
0.67 

140 
12 
0.9 
0.08 

24 
32 
0.67 

OctopoEc 



F P D  i3 



8-8 

Ihe FPD-IT1 configuration differs from prior TMR configurations in that the end cell 
is based on an c?ctopole coil concept. The configirratios; meets the design goals with a 
32-m-long central ccll and 140 MW of fusion power. Of the three machines studied, 
PPD-111 s t a d s  out as the lriost cost-effective. Detailed descriptions follow. 

8.1.1.1 FPD--4 

The configuration stiidgr for FPD-I (Fig. 8.2) brolcc new ground with the first look at 
the ~ e i ~ ~ i ~ ~ n t i n ~ o : ~ ~  central-cel! soleneid design. The central cell uses six 10-m-long 
modules, each one made tip of a pair of 5 - d o n g  blanket modules (cooled with liquid 
lead-lithium) that can be inserted from opposite ends. This length was chosen to limit the 
module weight and the magnetohydrody n a m k  (MIID) effects on the blanket. The central 
cell is divided into six 10-in modules and two 5-111 indarks 'Khe smaller modules are joined 
with the choke coils SO the high axial force ora these solenoids can be carried out by per- 
manent structure, 'The complete 10-m module, when drained, will weigh less than 455 Mg 
(500 tons), which i s  judged to be a reasonable limit for handling and positioning by an 
overhead bridge crane. 

Surrounding the blanket is a nuellcar shield supported by a circumscribing truss so the 
shield can be extracted from the end of the rnoduk. Between the outer vessel wall and the 
niaclear shield lies a 9.25. m-long superconducting solenoid coil that provides the 2.5-T ccn- 
tral field. This coil, which uses a long, thin solenoid, was developed to produce; minimum 
magnetic Geld ripple. Low 1 apple is related to achieving high central-cell beta, 

The choke coils create a peak field on axis of 24 T. As configured by General Dynam- 
ics, each coil is constructed using a normal-conducting insert coil and a superconducting 
background coil. 'l['Re capper insert coil can be removed separately since it is not envisioned 
as a lifetime component, The winding pancakes are separated slightly at the horizontal 
center to allow radial injection of fueling pellets from a rail gun. 

'P'hc two end cells are conf&yred to permit easy assembly of the machine and replace- 
ment of all internal components, including the large C coils. The double-walled end-cell 
vessd has Barge hatches and contains water, forming a part of the biological nuclear shield. 

The six C-shaped and one sslenoid-coi! superconducting magnets are placed on cold 
tablcs supported by truss struts. Axial loads arc supported by struts to the end of the 
vessel. Coils can be replaced with mininium disruption of other coils and components. Ade- 
quate nuclear skielding pemibs the magnets to be lifetime conipsnents. 

The end-cell heating systems use ion cyclotron resonance heating (ICRI I), electron 
cyclotron resonance heating (ECKM), drift pumping, and NBI. The ICRH is applied to 
thc transition region using four-loop antennas. There is not enough space for rigid 
waveguides. I he ECRH i s  applied at two locations ming quasi-optical transport and 
launching systems, also selected because of limited space. The launchers are ariayed axi- 
ally so that the beams can pass through the major radius of the anchor coil. The sources 
(gyrotrons) are irioimted on a winglike vacuum box with gate valves so that they can be 
replaced without bringing the system up to air. 

Integrating the 4JS-keV, negative-ion NBK into the configuration proved difficult. The 
locations of the plasma target p i n t  and the C coils make axial fanning of the beams from 
each of the three required scurces impossible. The three beams, two active and one on-line 

- 
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Fig. 8.2. Plan view of FPD-I. 
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spare, must be arranged in a circumferential fan, which allows only margiaial nuclear 

The halo scrzapcr and direct convertor are considered lifetime components. Howevcr, 
these compcsnents can be removed by lifting t h ~ ~  through thcir hatch. This arrangeenen& 
minimizes the length of the reactor vault and is compatible with the vcrtical access philos- 

Shielding. 

ophy of the other subsystems. 

FPD-TI has a 96-m-long central cell This leiigth and an improved end-plug design 
increase thc fusion power to 480 MW. This design can supply 280 MW of net elzctric 
power whea operated without the 19-T axicell modulc. As in the FPD-I design, tritium- 
breeding blanket modules csoled with liquid lead-lithium niake the FPD-I1 reactor self- 
suf€icient in tritium. Thus, this device should he a true fusion power dcmsnstration reactor. 
The overall configuration of FPD-11 is shown in Fig. 8-3, The baseline design inclrades a 
nuclear testing station (or D-T axicell), central-cell modules with the semicontinuous 
solensid conce~t, and small end-cell magnets. 

The D-T axicell arrangement was developed to provide a large test area at very high 
wall loading. It was based on the MFTF-nfT configuration, The axicell has a 2-rn-long 
nuclear test module to which 4-5 MW/m2 of neutron power can be applied. The axicell 
module, shown in Fig. 8.4, consists of two superconducting background coils, two copper 
choke coils, one copper field-enhancing coil, the nuclear shielding, the test module, the 
vacuum vessel, and the support structure. ‘The CSO copper coils are an intcgral part of the 
test module, which has a separate hatch. The axicell nuclear shield consists of steel balls 
and water and satisfies the shutdown dose rate requirement of 0.5 mrem/k, 24 h after 
s~.~utdown, for a 5 - ~ ~ / r n ’  wall loading. 

The central cell is configured using eight full-length (8.7-m-lsng) inodules and two 
half-!-length modules that arc mated to thc choke coils. The central-cell module for FPD-11 
i s  similar to that for FPD-I, except Ebat there is eneugb nuclear shielding within the bore 
of the solenoid coil to lower the shsrtdrpwnn dose rate to an acceptable level. Therefore, 
instead of a double-walled vessel with a water shield, a single-wal!ed shell with external 
ring stiffeners is provided. 

Thc end cell i s  also similar to that of FPD-I, with several significant improvements. 
First, the biological shield i s  much smaller because of the reduced neutron source, which 
allows the use of a double-walled vessel only 0.6 m thick. Second, because ICWH subsys- 
tern power requirements are reduced, it i s  unnecessary to incorporate a four-loop antenna. 
‘4 rigid waveguide simplifies the integration of this subsystem. Third, the paint b ECKH 
subsystem uses two fewer gyrstrons. This permits more Prasclear shielding and a less costly 
nuclear shield design. Fourth, rcduced sloshing-ion herern power requirements, together 
with improved iarget point-to-coil geometry for ITD-11 (the angle to the z-axis being 
rclaxcd to permit 90” injection), allow 3 much improved mechanical arrangement. Fifth, 
the injection p i n t  for pellet fueling has been moved so that it does not pass through the 
insert choke coil; it is located toward the central-cell side of the choke coil. 

Maintenance for FPD-II calls for vertical lifting through dedicated hatches This makes 
installation easier, shortens the reactor building, and improves our ability to replace sub- 
systems or aapgrade to a new corrcept, if necessary or desirable. 
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F I E L D  ENHANCING COIL (CSO) 

Fig. 8.4. Central-ce 

The FPD-I1 configuration is an improved design primarily because of a significantly 
better end-cell plug design that reduces the end-cell nuclear source strength and heating 
system power requirements. The central-cell module design is also improved, requiring only 
a single-walled vacuum vessel. The D-T axiscll was optimized with a wall loading of 
5 MW/m2. 

8.1.1.3 FPD-III 

The third version of the FPD device i s  designed to produce 140 MW of fusion power. 
As shown in Fig. 8.5, the device is 67.5 m long and 8.2 1x1 in diameter, with a centerline 
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~P~1ti<i"icel? rriodules was again c -en to limit MIID effects in tbc blanket. \i'Jithsmt Fluids 
ili the shield and blanket, thc estimatcd vvcigl~t of a moduk i s  E56 Mg ( 2 i 5  tons). 

s are structurally connected by tie bolts that resist thc axial load and 
1-a thc circumfaectial vacuurii scs! The four central mcldlimles can b~ 

ifidqxadaitly removed f l m l  the tiev 'oi rnaintemnr,; or i e p i r  
31'19-iiZ diffm from piisr ' IM con,;igtmticns it1 that the ciid cell is based 31i dn 

o c i q d e  coil concept ! hc srid-cell coil sc: ccfislsis of choke coil$, a transition octopolr, 3% 
h r g r  octopole, a d  aa outer inirkor coil. The c17d ccli also corrtzins piwisions for negative- 

tor. ?ilc e;,d-cFll vacuuiiI vessel is 8.2 ii? in diamcter acb 18 111 long. '1hc vac ndarq 
is cxtc 

lhe  principal feature af thc end cell is the o c i q ~ d ~  magnc:. lbrec concepts i."e;r: con- 
re thc prefcmd nrran selex id. '4 coritinuously wound octopile 

, i~ap~:t  pi&& thc rcquited ~ c e s  e r,eLltral bsnms but would be vcry difikult to 
build and maiiatain. A n  octopolc assct-~bld from tight individually vmmd w T frames, 

szhcme, 
~ G i p  four uGxh:?r frames, coinbi~ies the man~afacturing/m~~~te3al7cr: and L a m  access 
sdvafitapes of t h c  othpr sciieaes. A deniolriitabl=, zircumfercntial slipport strixcture allows 

r d y  rc1r;ovad from the W C U I ~  vess-l, exposing 
iagixts include a smallci- "transition" nctopolc, a 

corrcctioii coil, and a n  outer MiiiGi coil. A!1 coils, except 3 resistive irlsert coil in the high- 
n of the chokc, nre slip itctiiig. Tiic, il. i n d w  fi a m  octopde concept 
cmrectioli coil to r m i i p ~ r i ~  the erid cuerats  Recau~e the correction coil 

ul i i i l~ t  b~ C I Q S ~  to tk;   to pol^. tilt- cfid of tkr ~ t o p l e  m i l s t .  be sirgtlid and the corirddt;ofi 

ioo ncutral beam heating arid ?:C - - 7 1  k14, drift pnlpifig; 8 halo scraper, a d  a direct Cc>fix/Ci- 

iii <vi?iglike appecdsgea for t k .  bCR I I and coils. 
- - 

A i l e  CX;J to build, results in very limited 

frnine to bc inciep 
to top ~cccss  0 t h  

~ r r L  iii the axial direction 
4, is a?&d at threr 1oc~~ions in c 2nd cell. T ie  t h e i i d  k i r ~ i c r  at point L and 

the Plcction i l ia~l i i ls  ~ B C  at thc sami axial Icsat;nn, 31 chi1 bcyond the E;;idpEsnc sf the largc 
octopole magnet. Tkc paint b regioin is on m i s ,  while the mantk i s  cesatercd ?O ;m off axis. 
A third I X X K  system is icqnireij for the potential peak at poia; cz T1:e point a systein 
requires OLC ?C8-kW gyrotroll. l+ile, thc p&t b and mafitle systems each :;TC six I-MW 
gyrotrons p-r ead, Tha thermal barrier sysicm for WE-111 iiscs a quasi-optical launching 
and iransposi systcm ccotered oa the rizna:al midplane. Lalln&eia arc arrayed axially 
so that the ECRH pzss:s bctwc.cn thc coil *indings. l h c  launche~s fer the g9sint a and 
mantle systcms are insidc thc vacuum vessel. A wavckuide inttzrfacx pc atc;; the. vessel, 
carrying thc power fron the gysotrons to the farllPdiei. The total prinx power reqdirement 
for thc ibrcs gystcms i s  appioxhatdgr 45 MW. 

to product thz sloshing-ion 
distribution in each pli-lg. Integrating this system a 1 proved diiKie11lt be 
of space in the rcquired hcation, thc midplane sf the aiirrall octopole. The 
through an XCG alrcady crowded by magncti; ~ i g l d i ~ g ~  and Stiii@t1,tRi., neutron shicIdin2, 
ac-3 -oil crossovxs. On- Yeam linc is centcrcd on i k  aArautha1 inidpka:~~; the beam linc at 

Drift pumping coils are phccd at two axial locatioras in each end cdl. A slotted 
aritexia encircles the plasma io pump t k  ion specks tiapped in thc plasma COK ~il;ar the 
small octopole. In thc outer m d  of thi: large octopolc, four s$lit-cnaxia! scctinnr follow the 
lobe; of the plasma d g c  surfaces. 

- 

'1 he 4 75-Rc74, rseeativc-ion-hascd Nk31 systeril is positian 

cad of tkc device enteas at an angle nf 45" bdow inidplc-e. 



is the field on axis, A is the aspect ratio, 0 is the plasma radius, and 1, is the plasma 
to be 70% of the internal plasma flux rurrcnt. In addition, the pulse Xcngr 

ai loop voltage during &urn. 

curacwt drive with lower hyhrid resonant fre 
thc power to ramp up the pffasmra C U P I I C ~ I X ~ ,  y im cyclotron resonant fre- 
quency (XC'RP":) heating to heat the plasma to ignitiora; 
16 TF coils, with a window betwe.en the outer legs that allows direct radial extraction 
af tbc main  shiel 

feaillres C 0 ~ E ; l l O n  to all options included: 

F) heating to provide most of 

e 
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poloidal field (PF) coils located outside the TF coil bore, with locations restricted to 
allow access to shield modules; and 
a flat, single-leading-edge limiter at the bottom of the plasma, with vacuum ducts con- 
nected to the underside of the vacuum vessel. 

The characteristics of the four TFCX options arc shown in Table: 8.2. The nominal 
superconducting option (Fig. 8.6) is based on the previous Fusion Engineering Device 
(FED)/TFCX designs. In the high-performance superconducting ~pt ion ,  the nuclear heat- 
ing in the TF coils is allowed to increase from 1 to 50 mW/cm3, with a corresponding 
decrease in required inboard shielding. The two copper TF coil options were developed by 
PPPI., and are not described here. 

Because the TFCX system definition studies have been a national undertaking, a spe- 
cial approach to the management of this effort has been needed. The criteria for the 
management approach are: 

e 

a 

* 

providing a means for developing 2 national consensus on technical and cost issues, 
providing a means for controlling this diversc activity, and 
having flexibility for adapting to new innovations. 

e 8.2. TF'CX optioa3 charaeteristirs 

Superconducting Copper 
_ _ ~  ___ 

High High 
Parameter Nominal performance Nonririal pel*foormamce 

Major radius, rn 
Minor radius, rn 
Aspect ratio 
Field on axis, T 
Inboard shielding, rn 
Fusion power, M W  
Wall loading, MW/rn2 
Plasma current, MA 
Pulse length, s 
LHRF power, M W  
ICMF power, MW 

Initial 
Final 

TF power, M W  
PF power, M W  
Beta, YO 
Mirnov ignition parameter C;, 

4.08 
1.52 
2.69 
3.73 
0.62 
267 
0.69 
11.2 
618 
32 

6 
31 

5.5 1 
1.5 

3.61 
1.30 
2.77 
4.23 
0.36 
270 
0.92 
10.5 
452 
26 

10 
36 

5.35 
1.5 

3.35 
1.30 
2.58 
4.00 
0.12 
229 
0.85 
10.9 
458 
26 

7 
28 
405 
51 
5.76 
1.5 

2.60 
1 .@4 
2.49 
4.50 
0.015 
197 
1.17 
10.4 
298 
19 

7 
26 
333 
108 
5.95 
1.5 



8-17 

,,,CRYOT(AT DOME 

ri- COIL VENT I INES 

/’ 

SECTOR EUUIPMENT PORT 
EXTERNAL SHlE! D LIMITER Pmrs 

Fig. 8.6. TIF’CX superconducting option, WCX-S. 

The approach to organizing and inanaging the project has the following characteristics: 

* 
* 

Technical and costing approaches (discussed below) have been adopted. 
Within the framework of these approaches, the options have been separated into dis- 
tinct classes. Responsibility for developing the designs for specific classes has been 
assigned to a design group at the Design Center and to another group centered at 
PPPL. 
Ideas for innovative design approaches have been fostered from fusion laboratories at 
the Massacbusetts Institute of Technology (MIT) and LLNL. 
Many workshops have been organized to develop a consensus on the options to he pur- 
sued, along with the specific design and costing approaches to be used. 
Substantial documentation has been developed to facilitate a broad review of the design 
and costing basis. 

* 

e 

The objective in eskiblishing the technical approach to the TFCX engineering design 
was to provide a mechanism for the development, by a national design team, of several 
design options on a common engineering and physics basis. The technical approach, used 
was lo  establish a detailed design specification to control the design effort. 

Fusion projects prior to TFCX have often had as their only specifications a list of phys- 
ics parameters that the device had to satisfy. With the TFCX approach, a set of prescrip- 
tions was developed for sizing the elements of the device. As the analysis proceeds, these 
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prescriptions are scflfied and the range of options more precfscly defi -l'hese prescrip- 
tions are detailed in the TFCX piccmceptuai design specificaticn~s.~ 

The costing of the optloiis for TFCX is bcing carried out iw a mipniia similar to the 
technical appioach. A cost specification has been developed to specify and control the 
methcprcl for costing the options. 

Two methods are uscd for TFCX subsystems. Where a solid. historical data base is 
available for costhg n particular suhqystern, this data basc is dis:iklcd for the cost spzcifi- 
cation and applied to all options for thdi subsystem. An example is the TFCX I 'F coils 
Large copper a d  superconducting coils have been built for c i h e ~  fusion dcvices, yet the 
'1% coils for rFCX will be, in detail, unique hii cxcellent i1letbod to estimate the costs of 
such devices is to base costs on previoirsly delivered cost per unit (weight, volume, arm, 
ctc.) of similar components. 

8.1.2-1 SupePCQndlY-tiflg devii-es 

Codigprf2tifXB 

The configuration design approach incorporated in the '1 kCX supticondlteting studies 
is b a d  on the design features that havc evolved from the FED/lnteernational Tokamak 
Reactor (INTOR) studies Distinguishing features of this approach are the nnodularity in 
design of as many cornputrents as possible a d  the arrangement of components for ease of 
maintenance In particuiar, care has been taken to ease thc maintenance of components 
that may require Frequent ieplacemcnt, such ;IS thc limiter blades a i d  rf modules. Other 
compuncnts are also replaceable 56t with im:  casing difficulty, such a< thc shield modrnles, 
the PF coils, and the 'I'F coils. Figrires 8.7 and 8.8 h o w  elcvation and pla; V ~ P W  of the 
nominal supcrconductiny option. The design details of the major components and the dc- 
vice interface witla the dcvice hal: facility have been carefully developeol to integrate the 
main ccrolarrt, elcctrical, ax2 vaciium li im with the device and to beitcr iindcrstaiid the 
space nccded for the anrillary cqi:ipmcfai 'l'o provide more space and improve axes5 for 
installing the 2:ncillary equipmcnt, a steel f h i  and sisbstriicture were designed to circle the 
entire devicc. 

The vacuum topology consists of a combined vacuiim boundary betwcfi the plasma 
and superconducting magnetic systea, formed by welding three major structural members 
together. the vacuum ring module, the window module, and the outboard wall strj ciure 
(see Fig. 8.9). The ring and window modules are welded along poloidal seals formed at 
their intcrface. A single-turn vacuum seal is added to providc the primary vacuum intzr- 
face with the plasma. 

Eight ci-gioso~-pti~n pumps, located hzlow floor level, are eqaally spaced around the dc- 
vice Shielded vacuum ducts are attached tn the vacuum stiwture in the spaces between 
the 16 TF coils. They piovidc the gravity support for the torus. The conductance of the 
vacuum system is limited by the %rea available for the vacuum ducts located betwzen the 
TF coils. 

The TF coils have been sized to allow a two-piece limiter blade to be extracted from 
the torus. An intercoil support structure at  the top and bottom of the 'IF coil has becn 
developed A local structanrc stiffens the zzse and i s  flared outward locally to pick up t k  
outer-ring bcam structure. Bolted TF coil interfaces are located between TF mils along the: 
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Vacuum Ring Module 

/ Vacuum Dome 
,/ 

ing 
- /  / 
>!/ Vacuum Outbd Wa1i Structure 

Vacuum Window Module 
/' 

Limiter Blades 

Shielded Vacuum Duct 
Fig. 8.9, Vacuum vessel and shield configuration. 

inboard region of the TF coil corners and at the midsection of the upper-ring beam. The 
upper-ring beam provides bolt access around the joint to prevent interference with the out- 
board equilibrium field (EF) coils, 

Coolant lines servicing the shield, first wall, and reactor components penetrate the reac- 
tor floor behind every other TF coil. Helium and superconducting electrical lines leaving 
the TF coils and upper PF coils penetrate the vacuum boundary through a ring structure, 
so the vacuum dome can be removed without disturbing any lines. 

A mechanical pump limiter removes helium ash and hydrogen particles from the 
plasma. The limiter forms a continuous toroidal belt at the bottom of the device and has a 
single leading edge, with a flat surface facing the plasma. The limiter blade is divided into 
two segments per sector so that the limiter can be installed through the access opening in 
the bottom of each sector. The limiter blades are protected by a removable, expendable 
sleeve of armor tiles bonded to an actively cooled copper substrate. Candidate materials for 
the tiles are beryllium and graphite. 
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Erosion determines the lifetimr. of the protzctive suiface. Thercfore, tile swe &as s t i d -  
icd to find the maximum allowable tilc thickness, based oil the thermal load, xi;cilenced 
by the. limiter. Teinpc,rature and thcrinal-stresc. distributions were calculatsd as a f ' u ~  T iofi 

of tile thickness. I knits bascd on maxirnnni temperatiire, material strc 
were determined for limitcr conf~guraiioiss with  either graphiic or becyliiliiri tilcs brazed to 
a copper substrate 

and disruption-ind Y, i e t i  

vaporization was evaluated. Dlsr~~ption erosion e dominant ermion r n t  

TFCX. Using thc calcul 
for thc nominal supconducting @on are for graphite, 1.1 years of OF 

temperatim limit of 408°C and 2.8 ycars of operation with a teiq.rT 
1000°C: for bery!'uium, 0.1 year of opcraticn assuming that thc entire mclt la):: i s  lost ~ f i d  
0.5 year of operation assuiining the me!? layer renzaiiis intact. L,ifc:imes for the hkpii- 

pcrfoormance option are approximately 20% less, as shown in Fig. 8.10. 
The inboard regia, of thc first w l l  consists of Graphol graphite tilcs, attachcd dlrrctlv 

to the inboard shield surfacc with one graphite bolt pcr tile. The ti!es are passivc!:, (-nd 

Erosion of the limiter surface by both sputte 

d tile thick nesscs and erosion rates, calci-latd erclaron iit;3tfims 
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The goal of the: 7FCX 
system for each TF coil option in order ta minimize the 

machine size while satisfying 

* plasma volt-secon irements, 
* mechanical confi n constraints, 
* 
* plasma shape requirements. 

~~~i~~~ fieid and current density constraints, and 

Inn the TFCX ~ ~ e ~ ~ ~ e ~ ~ ~ ~ ~  design a ysis, the PF syste consists of three coi 
outhard EF co a central solenoid, shaping field coils, 

reducing the total ampere-turns a 
e used for both plasma current rn 

'The copper TF device design parameters were 
a set of numerical equilibria. The PPPL Gencrali 

netis energy storc 
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used to generate data from which the coefficients of expressions relating the plasma 
current Zp9 the toroidal field a,, and the internal flux A$ to the aspect ratio are des i~ed .~  
This fixed-boundary cede allows prescribed profiles of plasma shape, pressure, and safety 
factor q. Vacuum fields consistat with these squilibrk are represented by toroidal 
rnultipolc~,~ also given as functions of plasma geometry, and are used in designing the PF 
coil system. 

The superconrdwtimg 'I*F device design parameters are the result of an iterative process 
involving the tokamak systems code (with the TFCX plasma scaling), the EFFI magnetics 
code, and the FEDC MMD equilibrium code.5 This process i s  shown in Fig. 8.1 1. The 
FEDC equilibrium code computes the coil currents necessary to maintain a plasma approx- 
imating a prescribed shape for given pressure and toroidal field (1" = RBt) profiles. The 
two MMD equilibrium codes have been satisfactorily compared,"' 

When the design points have been established, YF coil currents representing the time- 
dependent plasma operation scenario are simulated by a set of equilibria with specific 
properties, For example, the volt-second requirement during burn is taken to be A@B~F = 

0.7aint, where aint i s  the internal flux of the plasma and AQPF - 2 A(Mipf1) is the exter- 

nally applied flux due to the FF system. During plasma bulk heating, the requirement i s  
A + ~ F  = A@,,, -k A41pind, where A@rcs and AGind are the resistive and inductive flux, 
respectively. The current in the ohmic heating (OH) solenoid is adjusted in equilibrium 
calculations 11 ntil the appropriate volt-secend valucs are matched at 

i 

low beta, before heating, 
high beta, at start of barn, and e 

e end of burn. 

ivertoa: Pumping rates for TFCX are dis- 
cussed for bot11 the pump limiter and the divertor options. In particular, a coupled 
plasma-neutral transport model i s  used to account for the effects of neutral recycling near 
the neutralizing plate. %he primary effect intrsduced by neutral recycling is an increase in 
the pumping probability per ion Plowing into the divertor (or limiter shadow). Pumping 
rates sufficient to exhaust helium ash are found for both options. 

Plasma transport along the magnetic field line i s  evaluated using the ZEPI-iYR code8 
coupled with a simplified neutral transport ~nput  to ZEPHYR for the radial 
scrapeoff width and ?vatershcd" dcnsity and temperature i s  provided by a radial transport 
m d e l  based on the transport equations."  his model uses a two-point metbod" to calcu- 
late particle and energy losses (including conduction) along the field line and uses an 
assumed recycling profile. The two models are iterated until the recycling calculated with 
ZEPHYR i s  consistent with that used in the radial transport model. Also, the simplified 
neutral transport model used in ZEPHYR is benchmarked with thc DEGAS neutral trams- 

port code.'2 
limiter case consists of 15 ducts, each with a canductancc of 1.9 X IO4 L/s 

and a pump sped of 5 X IO4 L/s (a total effective pumping speed of 2.2 X lo5 L/s). 
The plasma parameters at the main. plasrna/scrapeoff interface are taken to be 79 - 3 X 

and T I= 200 eV, for a total heat flux of z56) MW ~i i  the limiter over the 
entire scrapeoff. Figure 8.12 shows the calculated density and temperature profiles in the 
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scrapeoff. The limiter leading edge is positioned where the heat flux (in the psloidal direc- 
tion) has fallen to 208 W/cm2. For this case, the leading edge i s  2.3 cm into the scrapoff. 
Beyond this point, plasma flows below (into the "throat" of) the limiter a d  i s  available for 
pumping: in this case, the total flow rate into the limiter throat is 4.2 X lo2* s-I. Thc 1ow 
flow rate is due to the high neutral recycling that occurs below tile limiter (R = 0.82), 
which results in a low Mach number ( M  = 0.13) at the thisat entrance. The; high iieaiiral 
recycling also results in the pumping of a large fraction (66%) of the plasm that flows 
below the limiter, corresponding to a total pumping rate of 2.8 X IO2' s -* .  Although the 
pumping efficiency for the plasma that flows below the limiter is high, the pimping rate is 
only a h o ~ t  1% of the total flow rate onto the entire limitcr, because. moat of the flow i s  on 
the front surface of the limiter. The predicted piirnping rate of 2 8 X 1021 s ' should be 
sufficrsnt to exhaust the IO2' alpha products produced each secoiid (60-MW charged 
fusion power), assuming a 5% B-eelEam density ratio and equivalent helium-hydrogen trans- 
port. 

The divertor case consists of 16 ducts, each with a conductance af 1.9 X IO4 L/s and a 
purtip speed of 2 X lo4 L/s (a total effcctive pump speed of 1.6 X lo5 LIS). The entiie 
scrapeoff plasma flows into the divertor region and is subject to pumping, although only 
the orithoard diverted plasma i s  coilsidered to be pumped here. The density and tempera- 
ture at the scrapeoff/main plasma interface are taken to be it -- 3 X l O I 3  cm and 7' = 

350 eV, which results in a scrapeoff plasma depositing approximately 50 MW to the diver- 
tor. 'T'he resultant radial profiles for the density and terngerature are shown in Fig. 8.13. 
The neutral recycling for the divertor casc is higher (A' - 0.91) than for thc limiter case 
and causes !OW flow rates into the divertor. This is reflected in the flat density profile 
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shown in Fig. 8,12. The total plasma flaw rate into the divertor chamber i s  1.9 X 
X IO2' s - ~ ) ~  T is p u ~ ~ ~ n g  rate is 

greater than that require icates that even lower pump rates 
may be adzquate. 

lama operatio IST, was used for 
one-and-one-~alf-diinensronaa ( 1 %-I.?) plasma ~ ~ ~ ~ ~ ~ t ~ o n s ~  The  no^^^^^ copper design for 
TFCX [Ro = 3.25 M, a = 1.30 m, K 1*Ci2 F 8.3, Bo = 4 T, q(a) = 2.41 was chosen 

e example. The model includes noncircular p1r;sma equilibria (consistent 
curremt profiles), particle balance (five ion species and electrons), energy 

balance (ions and electrons), loidal flux ~ i ~ f u ~ ~ o n ,  an fixed impurities. Ohmic heating 
and local, ~ ~ s ~ ~ ~ ~ a ~ ~ o ~ s  alpha eposition are supplemen d by a Gaussian heating profile, 
-clap[ -(r/ro)2j, to represent the rf beating profile. The auxiliary power is split between 
ions (75%) and electrons (25%) with Q = 0.8 m. Current profile evolution causes saw- 
toothing; the density, temperature, and current profiles are periodically flattened (rSt = 
400 ms) consistent with article, energy, and helical flux conservation inside the sawtsoth- 
ir,g region. The affecte region typically extends to r - 0 . 7 5 ~ .  Plasma losses are then 
~~~~~a~~ by confinement in the edge plasma, where gradients are large. Fueling i s  by gas 
puffing and r ~ ~ ~ ~ l i n ~  (95%). Neoclassical transpart i s  taken as twice that given by Hinton 
and Hazettine. The Eiastie-Hitchon niodel i s  used for thermal ion-conduction loss by 
toroidal field ripple, assuming an edge ripple of 1.5% and 16 TF coils. 
increase as the magnetic axis shifts outward during evolution of the MH 
A nomalous elec 

, of which a ~ p r o ~ ~ ~ ~ a ~ e ~ y  50% i s  pumped (9. 
for helium exhaust and i 

UT%: The ORNL tokamak transport code, 

particle d~f~usion are a canbination of nee- 
Alcaaor scding 
ment term f (B) .  Ta 

S scaling that includes a finite-beta enhance- 
ules used in this study. Figure 

8-14 shows plasma ~~~~~t~~~ contours with an oxygen impurity density of 6 X 10" 
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<1.0 
Local, inslantaneslas 

Ohmic; ICRH auxiliary (Gaussian spatial deposition) 

1'l.e minimum ignition dcnsity lies at I O l 4  cmh3 and 8 keV, corresponding to fit = 4.5%, 
flp - 0.5, and 150 MFV of fmba ?owes. The finite beta enhancement to XE limits the 
ignitio- ~gi0 i -1  to B, 6 7%. 'lhe auxiliary power at equilibrium ( P E Q  is the power 
required ta maintain thrr. operating point at a given density n and temperature 7'. High 
powx at !ow ;z and high T is needed to overcome thermal ion losses due to TF ripple; high 
power at low 7 and high E is required to offset impurity radiation. The powers shown 
assume perfect coupling betwen the if soosce and the plasnm An ICRH power of 25 
MW is adequate to surmount the saddle point in Fig. 8.12; the excess power of 15 MW 
rcduces thc .Gaittip timc. t~ 6 5  s. 

RP sysaclris 

'I'hz TFCX dcsigns include two rf systems An LPIRP; system will drive the plasma 
current from simtup to an nperzoirnal (ignitim) level and will be used for bulk plasma 

LHRT systci-c-i will operate at a frequency of approximately 2.7 GHz a d  will use a phased 
wavcguidc-array lauwiw. Presmt p o ~ ~ c r  klystron technology facilitates a system config- 
uration using bctw SO and 11 2 klystrons, depending upon the system power required. 
kach klystron will drivc four wawjyiides, consistent with a waveguide power density of 
5 kW/cm*. Sirr u n v q y i d e s  will be grouped so that each waveguide in a group is drivcn 

L ,leatirig An ICRF systez;; wil! angmmt the LHWF system during heating to ignition. The 
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by a klystron, the phase hich is adjusted r 

~pt-iniize the spatial ~ ~ w ~ ~ - ~ e n s ~ ~ y  pattern char 
array. The number of klystrons r 
power d 

The is 32.5 MW for the nominal and 26.4 
performance superconducting options and 27.5 MW for the nominal and 
high-performance copper options. 

Figure 8.15 shows views of a typical E RF launcher. The basic rn 
waveguide subarray with a spacing of 1.3 crn center-tswsnter. At t 
the ~ a x i ~ i ~ 1 ~ ~  n-parallzl ( T I L )  is 4.4. For the current-drive mode, the rn 
1.6. 1x1 the bulk heating mode, the  asin in^ is done y pairs of elerne 

WaVegUideS in the &!JQUP. vcgvide ~~~~~i~~ 

tion at the required frequency. 
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Fig. 8.15. Loner hybrid system. 

duiiblc %e spaeirtg, making the maxinrurn m about 2 2. AH the options use a snbarrajj 
ariaiigezllefit of f c x  row.  Each has sevei~ C O ~ U ~ Q I X ,  except +lie small copper II“’ option, 
whirii i i w  four columns. ‘1he window is an cigbl-ganc arrangcrncnt positioned at the back 
of the bulk shield. Ilje fliicnce zit this point is 8.03 t’rrat at the first wall. Schind tI-%is win- 
dow, thc guide. arid coaxial cabk a16 p r e s s ~ ~ d  

of the 56 klystrons 
mirqt gslieratc 103 kW/;vavcguide, Oi a total of 4!3 kW. There e$vo seis of 56 wq’s- 
trons. Ofie nJct drives thc top and bottom row5, and thz other set drives the two center 
iows, ss the ivo center FOWS can be uscd for startap. An alicmative approach would use 
G ~ C  large tuhe to drivc all i O W s  in one c o l u a ~ ~ ~ .  The o ~ r d l  system efficiexy is 33%, so this 
option W s U l d  usc 88 MW of prime  POW^^ 

lhr. rf module uses a klystron power amplifier. For the large-tnbe option, this could be 
satisfied by strapping apprsxixatdy 500 1-kw (8276) tubes together A 1-MW tube is 

The drive circuit for each klystron 
consists of a phase shiftcr, an a t i e n u a t ~  direcaionnl c ~ ~ p l e r ,  and a circulator. r?in cffi- 
c izzq of approximately 70% i s  sxpectcd for the kl-yzt~on. In  the w t p t  circuit, there i s  a 

lincijgr sf circu1;ator~irectisnnl coupler and W ~ I I ~ O W .  This vindcw, whicl- S G F . ~ ~ S  as a trl- 
tiunl block in case of an accident, k positioned in the merzaninc. The transmission effi- 
c iacy  for this output is estimated is bsc bpproxhatzly 0.88. Fof the approximate 1-MW 
power levdP this iesalts in a I2O-kW coding i@qgires;lerilt for cach output circuit. Each of 
thc. ;.ofiiponen.nts must EF vatw cmlcd. 

F ?  

I he iransmissicn system efficiency is typically 57%. Hmce, e 

mcnt by two manufacturers it1 Japan. 



8-31 

sed of n 35-m run of waveguide, 
power spmers, ciscu2atocs, irectioxaal couplers, 8 ith any of these 

is 6296, A tutal 
wer ~~~~~~~t~~~ of about 350 kW is expected in these components, and therefore they 

1s is pr&rablt: to have this istrigaldtian  en^ as close to the 
ut out of the: test cell. Theref0 I these ~ o ~ ~ o ~ ~ ~ ~ ~ ~  are 1aa;cated below 

will be: w a m  coik 

andle the rf losses alone. 
king by thc neutron1s ;end A~~~~~~~~~ heat 

the  as^^ heat 
and shadow shie 

re due to ~~~~~~~~~i~ 

er to carry away thils heat. At prescnt, the ~ ~ ~ ~ r n ~ ~ ~ ~  
i s  not limited by particle erosion of the VilCLPUrn secliora or by 
WindQw. This is bccause the seconds of D-T operation are only 3, x 

flux i s  :E ~ ~ o ~ ~ e ~ ~  from 8 streaming standpoint" The 14- 
grill i s  large and therefore: must be Backed by the 4@cm 

The iCRF system will q~era t e  at a frequency hetw 
required is between 6 and 36 er spectrum ~ ~ ~ ~ ~ ~ i a ~  and power density con- 

n array UI launcher elernelats. Several types of elements 
(lotaps, cavity, etc.) are un 
the best choice, six such wi9 

6 
ment can be met waih a a29 

~ ~ ~ i v ~ ~ e ~  by each array elern 

eration, with a ~ i ~ ~ ~ - ~ ~ ~ ~ ~ ~  w~giegui 
5, ead1 with a ~~~~~~~t~~ kw,wer-hii 

 ear^^^^ t~ be 
ng ~ ~ ~ a b ~ ~ ~ t ~  of 

, could provide: the required ICRF power, The ~ s s ~ c ~ ~ ~ ~ ~  power generation require- 
hasing the rf power 

will be ~ C ~ 0 ~ ~ ~ ~ ~ S ~ l ~ ~  by phasing the low-level rf applied to 

ICRF system is the array launcher. The spectrum faormed 
matches that oi  the piasma power ~~~~~~~~~~ attern. Figure 8.16 shows how ridge-loaded 

es can be interleaved tO create a grill ith a main response in the m rarige of 4-43 
spacing of 40 for all ~ptioris except the smaill coppx device: (with ambi- 

couphing between ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 1 ~  launchers, 
ecause these ports will be phased tct form 

a single p r t ,  possi- 
resonant cavity [on 

1" Any of these could be arranged in B continuous array 

est array of power tetr 

each power anaplifks 
A ~~~~~e Feature 

eke resellutim is expected to be better than that 
r array elements have been eonsidered, such as t 

Doublet XI1 (DKII)], the U-slot [on the T~kamak Fusion Test Reactor (TFTR)], and the 

to farm a cumparable spectrum. A power density of ut least 1.2 kW/cm2 is required from 
each element. ~ ~ t ~ ~ ~ ~ t e ~  lof plasma- ~~~~~~ Bong) iiisdicate that the impedances 
are in the range of 87 + j 7 8 .  A corresp ance of 15 + $8 $2 was estimated 
for the wavegui air ~f current loops, one 
on each sidt: of 
The calculated p o ~ ~ r - ~ ~ n ~ ~ ~ n ~  ~ ~ ~ a ~ j ~ ~ t ~  is 6 
these ~~~~~~~~~~~~~ no nmre than 2.5 

Figure 8.16 shows the vacuum break positioned behind the bulk shicld. Ceramic (BeQ) 
isolators have a lifetime auence of abolal I@' neutrons/cm?.  or the present TFCX duty 
faactor, this represents a 2.kl  safety factor. B y  psssiticsrning the break hehind the shield, 

radome cover4 loop ( C H I  INT 

(small cqger device) i s  required. 
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allowance is made for upgrades in fluence by an order of magnitude or more. Each 
~ ~ ~ s s ~ r ~ ~ e ~  to acconi ate the required power level. There 

her eo allow the use 0 

finial amplifiers. A 75% transmission system efficiency is typical, Therefme, the lwlp nomi- 
nal options require power nidules of about 1.2 le the ~ ~ ~ h - ~ ~ f o ~ ~ ~ ~ ~ e  super- 

between ports is pwr, higher power m ith power splitters to drive multiple ele- 
ments in different ports, would be m The overall system efficiency is 
expected to be about 50%. Therefcrc, the prime power needed ranges from 1 

i s  one power module per -power phase shifters ahead of the 

collductang and copper 7'F devices need 1.9 W, respctiveky. IS the coupling 

ical. 

,Sn comiductors, similar to the ~ s ~ ~ ~ ~ ~ o l d s e  Large Con1 ~ ~ r o g ~ ~ ~  
(LCP) conlducto gher ~ ~ r r e ~ t - s ~ a ~ ~ n ~  temperature than NbTi, which 

tand ~~~~~~~ heat. 
tion of the winding. Test results in arrays of cable-in-e 

mpound in the interstices between c 
h traiasverse-coimrpressi\ie winding 1 

fies e ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~  of eo-wound structural material, 
of critical current, rather than 67% as done ~ r ~ ~ ~ ~ ~ u ~ ~ ~ r .  

Reacting the wunduetor after w~~~~~~ to anneal out  e e strains induced ~~~~~~ coil- 

Llse of lnlloloy as the 
winding operations, ther iaicreasing the critical current. 

e cOOldQWn CQntracthn Of ~ ~ ~ ~ ~ ~ - ~ ~ r ~ ~  
uctors closely matches that of Nb38n, thereby reducing c 
asing the critical current. 

own strains and 

'P'able 8.4 sldmnlarizes the TE' cod ~~~~~~~~~n~~ and esiga requirements for the super- 

the w cstinghouse ctor; that is, Nb3Sn condue 
ckxness is 1.7 mm, and the steel conduit. The 

arising during normal pulsed 

ance design is 4.5 M, cumpared 
with 4.5 M in the nominal design. To offset the degradation of critical current a1 the 
higher temperature, t e conductor must be reacted after winding. Additional critical 
current capability is obtaine y iricreasing the void fraction from 32% to 41% and by 
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~~ 

High 
Noniiiial performance 

Weqaireme.dnQs 
Plasma major radius, m 
Field on plasma axis, T 
Maximum ripple, % 

Edge 
Plasma ceaiterlinc 

Maximum field at  TF coil, ‘I 
NucleaT heating rate ifi wi;rrdiIig, rmW/crn3 

Pasameters 
Number of TF coils 
Winding bore size, rn X m 
Mean coil perimeter, m 
Combined ampere-turns, MAT 
Conductor current, A 
Number of  turns per coil 
Winding current dcnsity, A/crn2 
Overall current density, ,4/cm2 
Stored energy, MJ 
Weight of winding, kg (per coil) 
Weight of case, kg (per coil) 
Weight of intercoil s t r u c t ~ e ,  kg (per coil) 

4.08 
3.73 

1 .s 
0.1 
10.0 
1 .o 

16 
5.2 X 7.7 
23.0 
76.0 
20,300 
234 
3,310 

440 
15,200 
17,608 
2,900 

1,970 

3.61 
4.23 

1.5 
O. i 
10.0 
50.0 

16 
4.4 X 6.4 
19.2 
76.0 
20,300 
234 
3,310 
1,9 70 
340 
12,900 
14,900 
2,900 

replacing the JBK-75 conduit in the Wesiinghouse/Airco design with an Incoloy conduit 
that greatly reduces the cooldown strain. These design changes alter the conductor cioss- 
sectional dimcnsionsl although the current density remains about the same. 

Figurc 8.1’3 shows the helium manifolding scheme for the high-perforrtiarnce coil. To 
limit the lielium exit tempeiature to 5.5 K, thc coolant path length is limited to one turn in 
the first third of the winding, to two turns in the next thiid, a d  io five turns in the 
remainder of the winding, Manifolding connections arc brought from various points within 
the winding through the case sidewzlll to a common manifold. Each line is at a different 
electrical potential and is insulated froan the comnion ma nifdd. Although the winding is 
epoxy-impregnated for structural rigidity, the multiple pecetrations by the coolant lines 
through the case sidewall makc it necessary to reinforce this portion of the case. 

A~~~~~~~~ of critical current: The selection of the actual conductor operating current 
depends upon the critical current, which is a function of many variables, iticluding 

0 maximum field, 
* residual compressive coaldown strain in the conductor, 
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i 

* choice of jacket material and heat treatment, both of which affect the residual cool- 
down strain, 
strain level developed in conductor when it is bent into the minimum radius of curva- 
ture during coil winding ~ w h ~ c ~  can be relieved if the conductor is reacted after wind- 
ing), and 
strain level in conductor resulting from operating loads. 

with nu imposed tensile strain and 41 id fur an i m p s  tensile strain Of 0.75%~13 The 
8.75% imposed strain is therefore equal and opposite to the residual compressive strain due 
to C Q O ~ ~ O W ~  plus winding; research at MIT has determined that the cooldown portion 
alone is ----0.5%. A compressive strain of 0.75% therefore degrades the critical current to 
59% of i t s  value in the strainfree state (24 vs 41 kA). This fractional degradation is in rea- 
sonably good agreement with  kci in's strain scaling law. l4 

* 

-T field, the critical current of the estingbouse l d c p  conductor is 24 
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For a T'FCX-size coil, the minimum radius of curva.ture imposd on the conductor dur- 
ing coil winding i s  about 1.5 in, corresponding to a bending strain in the conduit wall of 
about 0.7%. According to ref. 15, the strands expcrien4-i: about one-thi~d the bending strain 
developed in the conduit, or about 0.23%. Furtliermorc, when :he coil is energized, a dila- 
tional tensile strain of about 0.1% is developed Thus, the net strain, including cooldown 
strain, is --0.50 - 0.23 + 0.10 = 0.63. Bkin's formula, with t = -Oo.0063 and B = 

10 T, gives Z/Zo = 0.64. Undcr 'TFCX conditions, the critical current at 10 1- becomes 
0.64 X 41 - 26.3 kL4 at 4.2 K. 

I'he maxirnurn conductor temperature deperids on the sllrnornnt of nuclear heat that :he 
coil must withstand. A separate analysis has shown that for 1 m7RT/cm3, a temperature rise 
of about 0.5 M occurs, Hudson et a1.16 predict that the: critical current at temperature T 
dcgrades from its 4.2 K value by the fraction of 0.935, so that the critical current at 4.5 K 
is 24.6 kh. If thz conductor current is set at 80% of the critical current, it foliows that the 
Westinghouse LCP conductor, without modification, would operate in a TFCX application 
at 13.7 kA at 10 'I. This corresponds to an average current density (with a single grade) of 
3500 A/crn2, which meets the design specificatiorr. 

A similar analysis of the critical ClirRent data has been made for the combinations of 
six possible conditions. 

8 

* 
JWK-75 or Incoloy jacket (affects cooldown strain), 
react-and-wind or wind-and-react (affects winding strain), and 
10- or 12-T peak Edd. 

Figure 8.18 summariees the attainable current density as a function of peak conductor 
temperature for each combination of jacket material, manufacturing sequence, and peak 
field. 

A s  the nuclear heat load rises, more and more helium must be circulated. Not only 
does this ii-rcreasing mass flow increase the pressi-irc drops, but also the associated frictional 
heating increases the heat load further. In conventional piping system designs, these fric- 
tional heat terms are negligible, but in cryogenic systems they are of the same order of 
magnii~nde as the iniposed heat load. These heat loads limit the length of the coolant path 
and therefore affect the required number of coolant lines. 

Helium outlet conditions were calculated using a coinpalter program that accounts for 
spatial variatiora of the nuclear heat load around the, perimeter of the TF coil and also 
accounts for attenuation of the nuclear hcat load turn-to-turn. Pressure drops and fric- 
tional heat are calculated using the friction factor correlation in ref, 13. 

A mean T3 coil perimeter of 18 rn w%;s assumed; and coolant path lengths of one-half, 
one, and four turns were considered, The TF coil configuration has a radial build of 12 
turns; if it is assumed that the coil is wound three-in-hand, a path length of four turns is 
considered about as simple a manifolding scliemc as i s  reasonably achievable. 'I'he shorter 
path lengths represent more complex manifolding but offer the potential. for higher 
incident nuclear heat. 

Tablc 8.5 summarizes the maximum nuclear heat capability for three cooling system 
configurations (denoted A, B, and C) that differ in flow path length and in helium inlet 
and outlet conditions. A nuclear heat level of 10 to 12 mW/cm3 appears feasible from a 
heat-removal standpoint for a practical manifolding arrangernent, whereas up to about 
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Fig. 8.18. Achievable current density vs peak conductor tem- 
perature at 10 T and 12 T. 

100 mW/cm3 can be accommodated with many short helium flow paths. The nuclear heat 
load may be limited tu lower values, however, to avoid unacceptable degradation of the 
critical current . 

Buildings, facilities, and site utilities 

The TFCX site pkan shown in Fig. 8.19 is representative of a generic site and lays out 
a typical arrangement for the tokamak support buildings, auxiliary facilities, support f'acili- 
ties, site utilities, roads, and paved areas. 

The facility layout has been designed on the basis of functional, operational, and cost 
considerations. The tokamak support buildings provide space for direct support of the 
tokamak and include the following areas: 
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Number of t i m s  coolant path 
Coolant path le~igth, m 
Helium inlct temperature, K 
Helium outlet tempcmture, K 
IIelium inlet p r ~ w ~ r e ,  atrn 
Helium 9,utlet pressure, atm 
Helium flow rate ycr channel, g/s 
Maximum nuclear heat, mW/cm3 

~ -~ 

4 1 0.5 
72 18 9 
4.2 4.2 4.2 
5.8 6.0 5.9 
9.0 5.0 10,o 
2.7 2.3 2.6 
15 30 50 
12 7 5  100 
- 

* 

0 

e 

* 

tokamak tcct cell, for machine hausing and operation functiois; 
transfer area, for transport and handlinig functions; 
dccontaminatinn cell, for decontamination fuiictions; 
hot cell, for remote repair and maintenariec functions, 
warm cell, for hands-o? repair and rnaintefiance functions; and 
tritium arca, for storage, bclivery and cleanup Functions and pump housing. 

‘The auxiliary facilities provide space for auxiliary fufiictions, including 

instrumentation and contr01 (I&C) and data acquisition (DA) systemsl 
diagnostics, 
field coil power conversion, 
rf heating power conversion, 
cryogenics, 
component cooling water, 
fabrication, assembly, and mock-up area, 
power factor correction, and 
I&C and DA tunnel. 

The support facilities provide space f5 r  

offices, drafting area, and laboratory, 
emergency services, 

cafeteria, 
maintenance, shop, and warehouse areas, 
fabrication and assembly arcas, 

library, 

* 
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1 OFFICES DRAFTING, & LAB. i 

SECUR!TY 
BtJ1LDINE ' 

i 

1 C4FETERIA 
2 CRYMjENlCS YARD 
3 COMPONENT GOOLING 

WATER BUILDING 
4 CRYOGENICS BUILDING 

5 DIAGNOSTiCS BUiLOiNG 

6 EMWiGENLY SERVICES 
7 FIELD POWER COPIV€RStGN 

8 FABRICATlUfU, ASSEMBLY 

BU1 LD!NG 

& MOCKtiP BUILDING LFAM 
9 GENERAL ~ A C I L I T Y  w.xa 

SUWLV g, FUMP H3&E 

SWITCH YARD 
i U  GEhEAAL PLA'xT POWER 

:1 WEAL~HPHfSC'BUILD:hG 

12 LIBRARY 

13 *OWP FACTOR CORSECTICIN BUILDING 
eIdiLC:NG 

14 RAD WASTE W I L D I N G  
55 h F HIIATfMC JUA'ER CONVEHTlUh 

16 THITibW: & LBCULIM PUWPCELL 

BUILDING 
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0 hailding heating, ventiinting, and air conditioning (HVAC), and 
health physics;, 

Thc site slso cwtains the required site utilities, including 

gcnerzl-purpose facility water supply and distribution; 
fire protection water distsibution; 
bcik; housc, stcam, and condensate system; 
area lighting; 
gcmicral plant power; 
waste and efflucnt management; 
communications and security alarm systems; and 
roads, grounds, and parking. 

The TbCX test cell (Fig. 8.20) (including grade level and basement) is designed to sur- 
vivc opcrationally the “most probable” earthquake and tornado, to withstand the ‘‘most. 
intense” natural. phenomena from the standpoint of pressure boundary integrity, and to 

and the impact of a light aircraft. The test cell must also provide shielding from ion- 
izing radiation soiirccs and provide for containmem;it and handling of radioactively comham- 
inatcd components. 

The test-cell roof, wal!, and floor thicknesses aie based upon structural and radiation 
shiclding requirements. Because of the structural strength and radiation shielding require- 
ments, the test cell must be constructed of reinforced concrete with wall, roof, and floor 
systcms appximately 2 m thick. The test cell inside-clear dimensions must be approxi- 
mately 44 rn long, 48 m wide, and 28.7 m high for the baseline machine (the nominal 
supexooducting machine). The test cell is designed to support id. bridge crane with a capa- 
city of 408 tons. 

‘I’hc tcst-cell basement has the same clear diniensiuns as the test-cell grade level, except 
it is 18.5 rn high The test-cell basement houses a portion of the machine: sector and com- 
poncnt transfer area, the compurnd cryogenic vacuum pumps, piping, valves, bus bars, and 
the machine qtructiiral support system. Part of the basemcnt provides a tritium boundary 
a d L  structural containiaeait. Access to the basement from the grade level i s  through a 7.6- 
by 7.6-m Inatck. 

3,1.2.P CCTP csocept 

‘ h e  Long-Puke kgnited Test Experiment (LITE) series of tokamak designs featuring 
gussi-c~ntinlaoi?s, Bitter-plate TF magnets has been proposed as an attractive concept for 
TFGXI7 or the next FED. The magnet concept has a large amount of copper in each turn, 
which reduces the resistive power lssscs, and has a high copper filling factor in the throat 
region of the magnctp which reduces the radial build. ’These factors are perceived to result 
in a design with a reduced initial capital cost and a lower operating cost. 

To assess the mechanical design features of the quasi-continuous magnet concept, a 
conce$ud design study-tba: Continuous Copper ‘Toroidal. Field (CCTF) concept- was 
performed by the Design Center, with input and collaboration from MIT. The CCTF con- 
cept is  a variation of the LITE-W” concept proposed by MIT. The parameters, radial 
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build, and general shape of the TF coils are essentially the saim in b, 
LII TE-R concept is a free-standing. toroidal array of coppcr plates with i 
plate flangcs. Steel plate shims arc installed betweea each turn oil the outboard leg. l h e  
CCTF concept has esm~tialiy thc wmc toroidal array of coppa  plates but uses the same 
nadial plate flangcs to fain, an encasement to react forces with a pinned shcar bar to make 
the sector-to-sxtcr attachment 533th concepts use w d g i  ii the nasc rcgirin of each sax- 
tor to react the net centering forces. 

between the concepts involves sanch factors as case of maiiinfzctur e, assembly, installation, 
operation, and maintenance. These factors eventually translate to the most economical con- 
cept However, it is mom meaningful to assess the Fmdamci-ital fcatuies of the quasi- 
continuoi.is '1 1 coil coiicept that arc inhcrent to both coficepts, 

If both concepts provide an equally acceptable striictinral design, t 

Cn <a3 f"- & S i W  1-0 &:?xi 

'I he C'CTF torus has a inajor radicav of 2.44 m aid a minoi radius of 0.84 in. Yhr f:Ad 
on axis is 6.13 T. Table 8,G lists the significant plasma paramcters. 'The torus is made of 
16 rcmovab!e sectors that include a cased magnet with niacleat shielding, first -bvd1, and 
plurnpcd limiter componei~t~, nestled in the bore of th-, TF coil. An elevation view is shown 
in Fig. 8.21, and a plan view at midplane is shown in Fig. 8.12. 

Acccss i s  provided at  the centedine of cacti sector, as showii in Fig. 8.21. 'The access 
opening iil cad i  sector is 0.55 m wide and 1.2 y11 high, providing a totd access area of 
more tliaia 10 m2. Coolant lines to the first wall and shielding c s q x m x ~ t s  arc routcd at 
the top and bottom of the access openings. Diagnostics, itistt urnentation: materials, blanket 
test modules, and f u e h g  znd rf hcating components ~ I C  installee! in the acccsc, opcnings. 
~ i ~ e  limiter can be rernovcd through the access opriilrig after thesc consponcn;~ are 
removed. 

The plasma vacuum boundary is at  the inner periphery of the TF coil magnet encase- 
ment, as shown in f i g ,  8.21. The ~ B P F  of thc magnet ciTcasemc;a'it bccorncs thc vacium 
vessel 'rhe vacuum boundary is extended to the outboard face of the device by welding the 
access p i t  walls to the magnet encaseacrrt. An Z C G ~ S S  port docr with welded metal 
vaciiiim seals closes the boundary, The vacuum boundary is extended to the vacuum 
pumping duct interface in a similar imnoer. The sector-to -sector vaciiiisn boandary i s  
established by bringing thc vacuum boundary in toward the plasma, as shown in Fig. 8.22. 
.4 welded metal plate in the radial parting plane brings the vacuum boundary from the 
inner periphery of the TP; coil encasement to the inner periphery of the shicld. 7'hc sectoi- 
twxctor  coctinuity of the vacuum boundary is provided by a weldcd mztal bellows seal. 

The sector-to-sector attachment is shown in Fig. 8.23. Thc xsctors are izstalled radially 
so thzt the side platcs in the inboard nose rcgisn are in contact, forming a wedging contact 
area across t h  total thickness of the inboard 1cg to react the ir,p:ane Loreritz forces. Out- 
of-planc ' Im-~atz  forces priducc a net overturning that is reactcil by a shear plate attached 
to the outboard face of the sector-io-sector joint. A total of 120 shear pins, each 4.45 cm 
( 1.75 in.) in diameter, are required a t  sach sector-to-sxtor joint. 

Each sector contains 24 coil turns, for a total of 384 coil turns in the device. The coil 
turns are encased betwcec four radial-plate flanges, which are made of stainless steel, and 
are arranged in a scquencc of 6 turiis, 12 turns, and 6 turns between thc plate flangcs. 

-. 
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Fig. 8.22. Midpiaae sectiota to GCTF. 
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extraordinary aiupc?a)nt of surface machining on both the coil tiurns and the steel flanges and 
shims. The CCTF concept has thc added rcqaiiicrnent of a we!ded steel encasement strue- 
turc, whik the 1,ITE-R has the difficult requiremcnt of machined keys arid kcywmys. Final 
sascmbly scqiaenccs rcprcaect ~ F S S O P I ~  ikc same level of difficulty. Although a qimalitative 
rnanufxtesring cost ccmparison was not done, the amount of welding and machining of 
t h i c k  coil tarn paatcs a d  cncascmcnt plates nmdo~btedly vsoaald make thc (?CT&: concept 
marc costly. Thc manufacturing techniques rcquircd to prodaice either concept arc typical 
state d-tlae-art methods a d ,  as such, would requirc as iechnobgy dcvelcpmcnt. 

IgniPioil Sphenical ‘I’oms (IST) design studies WTC initiated a i  the Dzsign Center to 
pXpl0i.c a !c\-piei-cost alternative to the TFCX options. TLe l~asic approach was to r d i : ~ ~  

the aspcrt ratio of the devicc to ths; minimiam possiblc. Under the stability and confine 
mcnt cowstrsints as now understood and used in the TFCX stladics, thc low aspect ratio 
allcw an ignition device with compact gcornetry and low magnetic Edd  Thc spherical 
torus asseswmt restlted in the definition of aa ignition devicc with a cost half that of tkc 
TFCX high-performarick: coppcr option. 

A spherical torus i s  obtained by retaining only the indispcmable components on the 
inboard sick of a tokatmk pBasrns, swh  as a cooled, nsm-:il conductor that carries current 
to prodirce a toroidal magnetic ficld. ‘1 hc I-milting device features an cxceptionallly small 
aspect ratio (typiz;a:ly around 1.5), a naturally elongated, TJ-shapcd plasma cross section 
(typically 7-trp- 1 clsagationl, and tampup and tnaintemncc of the plasma currcnt primarily 
by noninductivc xmns. Thc tokamak plasnra takes on thc spherical shapc wit11 a modest 

holc tinroiigh the center, suggesting thc ~ ~ a n i e  of spherical torus’* (€ig. 8.24). 
,4 spherical tortis plasma is characterizd by compasrablc currents in the plasma, the 

TT d s .  and the PF c d s ;  comparable toroidal and psloidsl beta; comparabk toroidal and 
poloids1 rnagnctic fields; and strong paramagnctism. As a result of the favorable depen- 
deace of the tokamak plasma behavior on decreasing aspect ratio and increasing plasma 
current, a spherical toms is projected to haw high beta, small size, and modest f~cld. With 
I F  coil5 Ii-nadc cf normal con 
n u c h i  shield causes only a s 1 percent of the fusion neutrsrns to be lost to the center 
condiactnr, permitting potentially dramatic siariplificattsns in the configuratiom of a fusion 

Assiiining confirncnient scalings with favorable dependences on the plsstna current, an 
IST at a field of 2 T features a major radius of 1.5 m, a minor radius of 1 rn, a plasma 
c ime~; :  of 14 MA at a safety factor (inversc retational transform of the magaactie field) 0f 
2.4, ~n average toroidal beta of 24% (with respect to the externa3y applied toroidal field), 
acd a faasion power of 50 MW. At 2 T, a scientific brcakeven (Q = !) sp’nericai toms will 
have a major iadim of 0.8 m, a minor radius of 0.5 m, aand a fusicia gwwcr of a few 

crrverit deassity up to 10 kA/crn2, a spherical torus suitable for fusion cngiaeering and 
gy d ~ ~ l x ~ p ~ ~ t  would have a field of 3 T, a major radius of 0.7 m, a minor radius 

of 0.45 HiP. a D-T fusion power of 48 MW, and a neutron wall load of 2 MW/m2. 

ctors and inorganic insulators, eliminating the inhoard 

sphcn-ical torus. 

rnegaaafts, hcsuming a high-technology copper coil that pcxmita tripling of the condeactos 
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~ ~ ~ h o ~ ~ ~  the plasma properties projected for the spherical torus are consistent with the 
present-day t o ~ a ~ ~ ~ ~  data base, having aspect ratios ranging from 2.5 to 5, its unique 
properties identify a new and unexplored tokamak physics regime. A small spherical torus 
experiment 657’34) is being defined at ORNL (see Sect. 1.3 of this report) to resolve major 
physics sea& questions of the ~ ~ ~ v e ~ ~ i o ~ ~ ~  ~ o ~ a ~ ~ ~  and to provide concrete data in the 
regime. 
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8.1.3.1 RcS?2!tS 0% h%d 24§SleSSkKleiltS 

An initial assessment of the IST has been completed The purpose of this study is to 
quantify the potential and challenges of an X S ,  to characterize its critical issues, and to 
high!ight its data base needs. An EST i s  to achieve, ignition for pulsc lengths on the order 
of tens of seconds with at least the minimum r ~ - & e r  of cycles sufficient to demonstrate 
repeatability of results and at the lowest overdl cost, consistent with the initial guidelines 
of the Office of F U S ~ Q ~  Energy (OFE) Mission I Ignitioni Studies during the first phase of 
FY 

1. 
2. 
3. 

4. 

5. 

6. 

1985. 
The major physics assumptions of an IST inc\a.de 

the critical beta scaling proposed by Troyon, with 0, = 0,035 and O d ) ~  = 0.77p,; 
energy confinement scaling with the uptiox of Mirnov and neo-Alcator; 
plasma current determined by free box ~idary MITD equilibrium calculations, tzking 
advantage of the natural elongation at very low aspect ratios; 
paramagnetism as exhibited by the plasma snhancement of the toroidal field over the 
externally applied fidd at  the plasma axis, dJl&,; 
LKRF current rampup with inductive assist only from vertical field coils and $erne 
plasma current decay during plasma ha t ing ,  ignition, and burn, lasting for tens of 
seconds, a time scale much shorter than thc resistive decay time of thc burning 
plasma; and 
plasma density below the Murakami limit. 

Because the ficld for this concept shsuld be modcst, only conventional engineering assump- 
tions are used in this study, with OM exception. The option of using a high-strength copper 
alloy, C-175iO (Cu-Ni-Be), in the center conductor post is considered to allow for a highly 
csrnpact IST and for more cbjective CorilpiitisoE with the IGNITOR class of short-pulse 
ignition tokamaks. Otherwise, the engineering and costing approaches are in accordance 
with the recent TFCX practices. 

'The major results of this study arc summarized as follows. 
1. A nominal IS1 with conventional coil current density (about 3 kA/cm2) and Mir- 

nov scaling i s  estimated to have Bo = 2 T, R = 1.6 m, a I- 1.0 ni, 1, = 16.2 MA, Zp = 

14 MA, PDT = 55 MW, and C,g - 2.3. Thc estimatcd constrincted cost of the IYT proj- 
ect, ready for operation at an initially undeveloped site, is $576 riiillion in 1984 dollars. 
The total direct cost of the nuclear island is estimated to be $119 million. Based on nec- 
Alcator scaling, C,g for this device ,vsn.ald be 0.22. 

The rationale for using high-strength ccypcr alloy for tlic center conductor is to 
permit a highly compact ZST with Be = 3 T, I? = 1.0 111, a -- 0.61 111, 1, L= 15.1 MA, Zp 
= 11.9 MA, C,g = 2 8, and IPDT = 56 MW. The direct cost of the nudear island can 
then be reduced by about $20 million, while the total direct COS', can be redwed by about 
$38 million. 

3.  The plasma paramagnetism is shown to incrcase strongly when the aspect ratio is 
decreased below 2.5 and when the plasma e l ~ n g a t i ~ n  is increased beyond 2. Thc ratio B/& 
ranges betweein 1.5 and 2.3 at  an aspect ratio of 1.6 wheal the plasma i s  elongated from 1.9 
to 3.0 The impact of such strong paramagnetism is to allow an IST with Bo - 2 T, K = 
1.1 rn, and a = 0.42 rn to have CIE = 1.5 based on the nco-Alcator scaling. The data base 

2. 
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for application of the p ~ d s ~ a - e r ~ h a n c e ~  field to the plasma scaling laws is currently inade- 
quate. When this possible effect of paramagnetism is not included, Ci, wodd be smaller by 
roughly an order of magnitude. 

y combining the center conductor engineering desigri trade-off with (he 1IST 
parameter space tra e-off, it i s  assessed that the use of the C 10 alloy permits feasible 
I S T  designs with Jc s high as 11 kA/cm2 without exceeding stress limits of the alloy 
conductor, if it is cooled with high-velocity pressurized water in a highly conipact IS 
relatively moderate field (between 3 T and 5 T). 

An IST configuration is derived that features internal restraining and s ~ ~ ) ~ ~ ~ r t i n ~  
structures to allow the TF confi nding. This approach, 
while prelivniiiary in nature, lras torus from the shield 
structure, contributes to minimizing the "disposable" portion of the nuclear island, and 
eases maintenance without signilicantly compromising the need to achieve a very small 
aspect ratio. 

The results of this study, ~ ~ ~ h o u g ~  p ~ e l ~ ~ ~ i n a r y ,  indicate the high ystenkial of the 
$ ~ ~ ~ ~ r i c a ~  torus concept in permitting compact fusion at modest field. 'The ~ ~ ~ v ~ ~ ~ i i ~ ~  con- 
finement and beta scaling laws, while relatively secure in their a ~ p ~ ~ c a t ~ ~ ~  to large 
tokamaks of coraventional aspect ratios, indicate uncertainties of an order of ~ i a ~ n ~ t u ~ e  in 
spherical tokamaks. An absence of p ysies data base at present stands out as the prinaary 
handicap to significant progress in our understanding of the highly paramagnetic spherical 
tokamaks. 

5. 
ration to be essentially free- 
h potential for ~ e c o u ~ ~ i n g  t 

Reference parameters for the nominal IS'IT design are shown in Table 8.7, and eleva- 
tion and plan views are shown in Figs. 8.25 and 8.26, respectively. 'The primary features of 
the reference concept are: ( I  1 a 36-turn TF coil system connected in series with the top leg 
of each coil removable for access, (2) a thick-walled vacuum vessel/fii-st wall structure 
that also functions as an intercoil structure, and ( 3 )  an external shielding system of 2.5 m 
of water in steel tanks, which can be add 

The TF coils are rectangular in shape, with the center leg wedged between adjacent 
at a radius of 5 cm and ends Q ~ I  a 
the current density is 3 k ~ / c m " .  

each TF coil turn has a toroidal width of 40 CM and 3 thickness of 
cnsity in the outcr leg is 1 ~ / c m ' .  The 4 -cm width for each of the 

by phased construction before D-T operation. 

n the radial build, the center leg beg 
h. 'The toroidal wedge angle i s  IOo,  

The outer leg 
10 cm. The curren 
36 TF coil outer legs arranged in a toroidal array allows access openings (6 
toroidal width) at 6 equally spaced locations. Access openings at midplane are 
heating units. Access openings at the limiter elevation are provided for coolant 
men t c o ~ ~ ~ e c t ~ o n $ .  

The top and outer legs of the TP coil are removable. The center leg mates with the 
top leg by means of an eight-finger lap joint with two bolts. The top leg mates wit 
outer leg by means of a bolted lap joint. Tmm-to-turn electrical connection occurs between 

nector lies on top of the inlet electrical bus, which makes a full toroidal loop around the 
machine before mating with the bottom leg of the first turn. Current in the tusn-to-turn 

the outer k g  and the bottom leg Qf the ad.iaCGnt turn floor level. The turn-ts-turn Con- 
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Description Valne 

Geomtry 

Major radius pio, m 
Plasma radius a, rn 
Plasma elongation K 
Aspect ratio A 
Scrapeoff layer, m 
Distance from scrapeoff to conductor post, in 

P4asma 

Average ion temperature ( TI), key 
Safety factor (edge) q (flux surface average) 
kffective chargc (during burn) Zeff 
Plasma current Zp, M A  
Average electron density (n,}, cniP3 
Average D-T density (.UT), CM 

Epsiloii beta poloidal 
Total beta ( p ) ,  % 

Toroidal field at  plasma B,, T 

’ 

D-T beta (OD=),  70 

Q 
Opeaaitimg mrdc 

Maximum burn time &I), s 
Average burn time tbave, s 
Fusion power Pfus, MW 
Cumulative D-?I’ burn time, s 
Years of operation 

First wall and v 

Coolant 
Average neutron wall load at  plasma edge, 

Average neutron wal! load at first wall, 

Average thermal wall load, MW/m2 
First wall/vacuum vessel thickness, rn 

MW/m2 

MW/m2 

1.62 
1.01 
2.0 
1 .bo 
0.10 
0.1 1 

20 
2.4 
1.5 
14.0 
0.62 x 1014 

0.44 x 1014 
0.20 
24.3 
18.7 
2.0 
Ignited 

50 
20 
55 

10 
2 x 104 

H 2 0  

0.4 1 

0.26 

0.03 
0.10 
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Description Value 

s 
Inboard shield thickness 
Dose rate to TIE: coil ~~~~~~~~Q~~~ rad 
Time after shutdown to permit personnel 

Outboard shield thickness (90% water, 

Maximum structure temperature, 'C 

access (2 .5 mrem/h), It1 

10% stainless steel), In 

Initial base pressure, torr 
Prcshot base pressure, torr 
Postshot base pressure9 torr 
Pressure at duct inlet during burn, torr 

TF coils 

Number 
Peak design fie 
Conductor curr 

PF coils 

Total maximum ampere-turns, 
Total maximum EF ampere-turns, MAT 
Conductor winding pack current density, 

A/cm2 

Current ~~~~~~ 

Lower hybrid cursent 

Frequency, GHz 

Bulk heating 

Lower hybrid current 
Time, s 
Power, hlW 
Frequency, GHz 

0 

36 
1 x 1o'O 

2.50 

200 

10-7 
1 0 - 5  
3 x 
1 Q W 2  

36 
8.1 
3250 

9.44 
9.44 
11.61 
11.61 
1500 

50 
8 
0.564 

10 
8 
1.325 
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connector flows in the direction opposite to the current flowing in the inlet bus, canceling 
the fields generated. 

The inner and outer rings of the vacuum vessel function as TF intercoil structures for 
both in-plane and out-of-plane TF coil loads. The lid of the vacuum vessel i s  removable for 
access to the plasma chamber. 

8.1.4.1 Tandem-mirror reactor syste 

A computer code was developed to self-consistcntly determine the configuration, pea- 
foi-rnancc, and cost of a TMR as a function of plasma, magnefic, and engineering parame- 
ters. The first version of the Tandem Mirror Reactor Systems Code (TMRSC) models a 
configuration similar to MARS' and FPD2 that incorporates a soleinoidal central cell and 
an end cell consisting of a choke. coil, a C coil transition region, an anchor C coil. set, a 
plug C coil set, and a recircularizing coil. The thermal barrier in this configuration is 
located in  the plug. 
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v 
Fig. 8.26, Plan view of IST. 

The modules that make up the TMRSC were provided by various sources within the 
fusion community. The physics, magnetics, magnet, and facility modules were the responsi- 
bility of LLNL. Neutronics, shielding, and tritium modules were modeled by Argonne 
National Laboratory (ANL). Blanket thermal hydraulics, heat transport/power conversion, 
cryogenics, direct convertor, and plasma heating systems were provided by TRW, Inc. 
Magnet electrical, ac power, vacuum vessel, fueling, maintenance equipment, and I &C 
modules were modeled by the Design Center, and the integration of the modules into the 
TMRSC was the responsibility of the Design Center. Figure 8.27 i s  a flow diagram. 

The modules, each describing a reactor component or system, are connected by a 
driver. Three feedback loops are iiidicated by dashed lines. These loops are necessary due 
to the strong coupling between the plasma physics, the magnetics, neutronics, and magnet 
design parameters. 

The calculational procedure is to start at the plasma centerline of the central cell and 
proceed radially. The central-cell length and plasma radius are determined primarily from 
the desired fusion power, field on axis, beta, and plasma temperature. The central-cell 
blanket thickness i s  determined based on the desired energy multiplication and tritium 
breeding ratio. The shield thickness is set by nuclear response limits in the superconducting 
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s ~ ~ ~ n ~ ~ ~ a ~  coils. The central-cell, solenoi 

currents and cosanductor areas for the s 
d Fieid on axis, and allowsn 
e faow proceeds axially t 

irernsnt to pass the: central-cell n 
known, a choke coil ~ s ~ ~ r C ~ ~ ~ ~ ~ ~ ~ n ~  portion plus copper inse 

~~t~~~~~~~~ from the sum- 
of the plasma radius, blanket and ~~s~~~~~ gaps. Coil 

intd as ~~~~~~~~s of the coil 

nd-cell regians, The plasma 
radius at tbe choke coil is determined 

based On P-eqUirEd CUlrrtXXtS and d%QWabk CDX densities, to deliver 
axis. Space for shielding the choke a i l  is prov 

einents for shie 
ties. Axial positicsns o f  the coils are chosen to allow ~~~~~~~~a~~~~~~ 

wells and reducing the average geodesic cur 
loop ensures c o ~ ~ a ~ ~ ~ ~ ~ ~ t y  between coil 

plasma stability, Modules downstream of the iter 
through manner according to the se~uehce shown in 

rief s ~ i ~ ~ ~ ~ a r ~ e ~  of the modules fdlow. 

~ ' ~ y s i ~ ~  

ule ~ o ~ p u t ~ s  the s t e ~ ~ ~ ~ s ~ ~ ~ ~  
the plasma supplernen tal heating r e ~ u ~ r e ~ ~ ~ ~ s  for 

region. Tdohmes, densities, potentials, an fusion power values a 
find minimum length, maximum power, or maximum Q are available. The central cell may 
be specified to be ignitcd or driven, 

rticle lo&mce and 

Options arc available tu select from various 
ais in the central-cell blanket and shie 

and material c osition and thickness. 
strength. Costs of the ~ ~ ~ ~ k ~ t  and shield 

~ ~ a ~ k ~ t  thermal h ~ ~ ~ ~ ~ ~ c s  

Coolant inlet and outlet temperature, pressure drops, pumping power, an 
temperatures are determined for liquid-metal and gas-cooled components. 

Magnetics 

the central-cell solenoid coils, the choke coil, and t 
~uired currents are computed based on the r n a ~ ~ ~ t ~ ~  field profile, the 

coil radii, and the coil axial locatitan. The central-cell coils may iscrcte coifs or 8 
current sheet. Conductor current density and coil ~ i ~ ~ ~ $ ~ ~ ~  or mil aspect ratio are input 
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items. The end-ceU C coils are sized and positioned to provid:: (1) the desired magnetic 
field pnofile, (2) fliix tube circularity in the magnctic wells; and (3) zero average geodesic 
curvature, 'This module runs the EFFI magnetic field code and the Tandm F'quilihrium 
and Stability Code (TEBL4%C0). i4110~~a5Plc values of beta in the central cell, anclacsii, and 
plug are determined to be consistent with MHD equilibrium and stability. These values of 
beta are coupled to the plasma physics through an external feedback loop. 

Mag8;icts 

Central-ce!l and end-cell magnets are modeled. Magnet designs are consistent with 
limitations of current density, maximum field, cryostability, and fluence for various con- 
ductor types. Coil case thickness is based on allowable stress. Cost for each magnet i s  
estimated. 

odule determines the neutron source strength in the end cells (needed to deter- 
mine shielding requirements), frequency requirements for the plasma r f  heating and drift 
pumping systems QECRH, LT-IBIH, ICRM); and magnetic flux, heat flux, magnetic field 
profile, and net electrical power associated with the direct convertor. 

The direct convertor i s  bascd on a gridless design and consists of four concentric col- 
lectors at each end. Radial drift pumping forces most of the ions in the plama onto the 
halo, which is kept at ground potential by the outer two collectors. Electrons flow axially 
through the middle of the magnet sets and are deposited on the inner two collectors, which 
are biased on the order of 100 kV. Direct electrical power is produce by the; electrons; 
heat deposited by the ions and alphas can he recovered by a thermal cycle. 

The model calculates the collector area requited for each of the four re 
a maximum eaiergy flux (input parameter), The electrical. power produced 
of the collectors, length of the direct C Q R V & ; T ~ O ~ ,  and size of the enclosing vacuum tank are 
also calculated. The thermal power is sent to the beat transport module. Costs are com- 
puted based 019. collector area for each region, direct rlectrical power for inverting 
equipment, and vacw pumping requirements. 

This module sizes rf or NBT heating systems to supply the required plasma supple- 
mental heating in the central-cell and end-ccll plasma regions. For the rf systems, the out- 
put includes required circulating power, efficiency, cost, and component sizes consistent 
with available space for access and requircd power at the launcher. For the negative-ion 
NBI system, the cutput includes circulating power, efficiency, cost, and the number of 
sources and associated currents to deliver the required power to the plasma. Heating sys- 

nent characteristics, such as power supplies, amplifiers, waveguides, launchers, 
and neutralizers are determirred. Positive-ion heating systems are not now included in tbc; 
module but may he added later. 
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The module also includes rf systems for drift ~~~~~~~~ The drift ~~~~~~~ system 
removes ions that have become trapped in the end ce s as they pass. to the 
The model is based on the MARS system an produces a ~ e r t u r b ~ ~ ~ ~ ~  
ambient magnetic field. Physics requirernents ef ion ~ u ~ p ~ ~ g  spe 
geometry are used to calculate required rf frequency, current in the coils, and number an 
width of individual driver frequencies. ToGali powex c ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~  and system cost are 
estimated. 

Vacuum vessel 

A vacuum vessel. outside the. solenoid coils, end-cell G coils, an dirccs, ~~~~~~~~~~ is 
sized and costed. 

Cryogenic system 

The cryogenic system module accumulates cryogenic loads from each su 
requiring cryogens and generates the required electrical pwcr and capital cost a2 the cgqyo- 

planl. 

Heat transport/pawer cornvessiom 

The heat transport and power conversion module sizes and costs the power ~~~~~~~~~~~ 

system. The blanket/reflector inlet and outlet temperatures and flow rates determine the 
cycle parameters. Thermal input from the end ~ e i l  is also incorporated. ‘The 
sists of a heat transport routine to generate ste 
and a costing routine. An option is available t 
TMR designs (nonelectrical power pr 

conditions, a turbine ~~~~~i~~~~ 

Tritium processing 

The tritium module determines mass flow rates for the primary ~~~~~~~~ 

fuel cycle based on input from the physics module. In the fueling section, an a p k n  of 
using tritium neutral beams during the burn is included. Tritium i n y ~ ~ ~ ~ ~ ~ ~ ~  
systems are calculated. The cost of the tritium needed per year is calculated b 
without a breeder blanket. An atmospheric tritium recovery system i s  ass 
areas (reactor hall, hot cell, tritium building, and radioactive waste b 
for the major tritium processing and tritium recovery system are corm 

$. Capital casts 

Fueling module 

The fueling module computes pertinent design requirements and cost data for thc gas 
rail-run accelerators, and their sup- injectors, first-stage pellet injectors, second-stage E 

port systems. The pellet velocity, pellet size, pellet rate, vacuum 
refrigeration, and cost of the major equipment are determind. 
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The ac power systems code module calculates ckarackesistic design and cost data for 
the electrical power system necded to operate the reactor. This niod;mle identifies a d  coni- 
Cutes the cost for major equipment such as circuit breakers, switches, transformers, light- 
ning arrestors, diesel generators, load control centers, and power feeders This module does 
not include the turbine generator or the dc direct convertor in the end cells, but it does 
include the switch gear and dc-to-ac invertors that interface with the main substation. An 
electrical power summary is generated. 

The: magnet electrical module computes design aid cast data for the power supplies 
and coil protection equipment of the ccwtral-cell and end-cell magnets. Design and cost 
data for power supplies, busing, load centers, dump resistors, dc current breakers, and 
asswiated lwal controls and instrumentation are determined. 

’This module determines the costs of process I &C, plasma diagnostic instrumentation, 
data transmission, data processing, and consoles 10catcd in the control building. The cost of 
each I$C process and diagnostic includes both hardware and software. 

In this module, I&C refcrs to the supervisory control and data system located in the 
mainn control building and the associated data links bo local control and instrumentation. It 
does not include the local process control and instrumentation located near the reactor 
vault. 

This anlodank consists of a list of reactor-cell and hot-cell equipment and mi$ costs. 
The user chooses the appropriate equipment for a particular device configuration from tkc 
comprehensive listing. The size and cost of the equipment either sca’te with reactor parame- 
ters or are fixed. 

FBCiBittgr 

‘The facility module estimates the size and cost of buildings based on reactor size, 
thermal p w - r  from the blanket and other components, gross electrical p w e r  output, acd 
number and capacity of turbine generators. Facilities considered include reactor building, 
hot-cell building, tritium building, steam generator building, powor supply building, cryo- 
genies building, and central building. 

The costs of radavaste systcms equipment, miscellaneous reactor and balance of plant 
cquiprnent, and special materials are also estimated in this module. 
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In this phase of INTOR, one critical issue has been an evaluation of the ~ e ~ ~ n ~ c a l  
benefit of dividing the design and component production tasks of all major advanced tech- 
nolugies among all of the participants. Two approaches were evaluated: (1 ) a "splitting" 
approach, in which each country provides one-fourth of the components of each major sys- 
tem (e.g., 3 of 12 TF coils), and (2) a "branching" approach, in which each country pro- 
vidcs all of the ~ ~ ~ ~ ~ 9 ~ ~ ~ ~ ~ s  of selected major systems (e.g., one country provides all TF 

~ Z n&hiX COUJIf,Sy pXPdeS 11 torus SeGtorS, etc.). 
In the crmtext of this stu y, the term "technical benefit" means the ~ ~ v e l ~ p ~ ~ ~ ~ ~  af 

industrial capability an experience to permit ~ d v a ~ ~ ~ ~ ~  with the ~ e ~ e ~ o ~ ~ ~ ~ ~  of future 
fusion techaology. The fore, the uoncepi of ~ a r ~ ~ t ~ o n i n ~  the design and fabrication af all 
of the major advanced technology components and systems was put forward for evaluation. 
This study focused on establishing as concisely as possible the technical benefit to be 
derived by each participant from conducting the project on an international basis. 

It was decided in the United States to adopt two  criteria in determining the candidate 
major systems amenable for partitioning the design and fabrication. First, the system must 
involve advanced technology; second, the system must involve multiple units so production 
can be partitioned. Systems that use standard technology and systems that involve only one 
(or a few) units were judged not to be candidates for partitioning of design or fabrication. 
The major systems that satisfy both criteria are the fo'oilowing: 

magnets-TF coils and PF coils; 
nuclear--torus, first wall, test m 

tritium - ~ ~ ~ o s p h e r ~ c  tritium recovery. 

An evaluation was performed for each of the advanced major systems and components 
selected by the INT R Workshop. Input for the evaluation was obtained from a detailed 
questionnaire developed by the INTOR Workshop participants and completed by industrial 
representatives. In each case, an industrial member of the Design Center led the U.S. 
effort. The questions were designed to quantify the incremental time and cost associated 
with either the splitting or the branching scenario. Estimates were obtained on cost incre- 
ments for component/system design, procurement, fabrication, transportation, design con- 
trol, cooling requirements, component verification and testing, quality assurance, spare 
parts, and facility requirements. In addition, the associated complexity in management 
coordination, project engineering, staffing requirements, and the project-related research 
and ~eve lop~ef l t  (R& ) were included in the incremental estimates to the overall project 
cost. 

The total estimat Gost increase is a factor of 1.66 for splitting and a factor of 1.20 
for branching. This indicates that the total cost increase of an international project is 66% 
using the splitting approach rand 20% using the branching approach. The cost to each par- 
ticipant for the splitting scenario is 41% of the total cost of building the project nationally. 
For the branching scenario, the cost to each participant is 30% of the total cost of building 
the project nationally. 

des, divertor plates; 
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Swcral pcssible qtialitativc kaxfiits w s e  ideritified for the splitting or branching 
appCaCb 
.. 

P 

c 

a d  

a1 veirdors involved in thc fabrication process corald be advantageous, par- 
ticlilanly where the fabrication of a givm component or system is highly 
deve!opmental arad truly advancing the art. 
Expi-iezcc i i i  1J.S. projects suggests that the use of selected vendors may actually 
reducc mix time or costs for a national project. Having the erstire international 
community of vendors to choose from could make it possible to select the “best” ven- 
dor. 

g on the diff~culty aad complexity associated with a given advanced corn- 
poncat sysicm; thr risk of either splitting OF branching could actually prove to be 

than that associated with a fiatioasal project approach. Therefore, it would be 
cf;rhj io eithsr branch or split the fabrication. 

Rased oii thesz consides ations, the benefit from splitting or branching could countes- 
the estimated increase in cost and make the splitting or branching scheme very 

The LIUTOR activities for 1984 iricluded a study of the critical issue of maintainabil- 
ity, to compnre the benefits and costs of personnd access anaintenaace procedures vs those 

wteavancr procedures. The study used the INTOR Phase 2A baseline con- 
figfiration as thc basis for comparison. ‘4 configuration based on all-remote operations for 
imintaiiiing hcth the internal and esteraal reactor comporaents has not been developed. 
Thc i&e;enGe ccrifiguraticn cedd be modified *LO E K A ~ ~ ,  the all-remote case by reducing 
the outboard shicclding by 50 cm, with a corresponding reduction in TF coil borc. HIowever, 

oath was not taken. Complexities of the modified design would include iiicreasd 
shie1diri.g iquircmcnts to protect thz area outside the reactor building, increased activation 
iu the rcactor building: and increased TF coil heating. The study approach was to use the 
reference desigzi for both approaches and to compare them by taking into account the 

.iiiss and dose rates, waste disposa! materials, estimated possible radioactive 
relearn, shield xquircmcnts, asse~~~ap.jjisassennbly procediires and maintenance-related 
device downtinx, aaintenancc cquipinlent requirerncnts, tritium containment and control, 
rE:acior building and othcr facility requirements, capital and operational costs, and flexibil- 
ity of operations 

’1 he control of radioactive particailatcs i s  an irripoitarnt consideration for maintenance 
cpxatioiis with beth designs, Fer the personnel access case, activated particulates may 
r w  Ax  hands-on oycratioins unacceptable; for the all-remote case, remote: equipment Prmay 

nie unneccasarily contaminated. Collecting the particulates in situ before removing 
,e components can minimize the potcntial for contaminating the reactor cell or mainte- 

nance cqiiipmcnt. If this is not sufficient, the area must be decontaminated before hmnds- 
oi-x optrations in th=: persorlracl access case, and equipment must be decontaminated after 
niaintenancc in thc all-rcmcrste case. An alternative approach is to remove device com- 
ponents into casks that are attached (sealed) to the 0utb0ard shield so that loose particu- 
late matter is cq dined until the ccmpoaen t can be B ppropriatcly decontaminated. This 
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rocedure implies the 
pnents  must be rem 

uipment may not a 
to develop casks with vaeuam sealing cap 

for reanole e ~ ~ ~ ~ ~ t ~ o ~ ~  significant 

of remotely operated or aut 
without personnel for both 

itional complexity oc down 

pt under v a c ~ ~ ~ ~  and the 
ng may be waived. lama chamber recon 

rewvery systems determined 0 
accident conditions and public safety. FQP operations in the reactor cell, i t  was shown that 

within acceptable limits. and ~ ~ ~ ~ n ~ e ~ a ~ ~  
to be the same for both a ~ ~ r ~ a ~ h ~ s ”  The 

ures for the personnel access approach a 
tions outside the reactor cell are expect 

reactor building for both is based on in 
the site ~ o ~ n ~ ~ r y  ts 10 mrem/y, From 
are the Same for 

tions were selected lo assess device and to estirnatt: 
Each scenario was developed using 1 
following replacement scenarios wer 

irrg accident criteria that limit the 
it was shown that tritium cleanup 

a ~ ~ t ~ n ~ ~ c e  scenarios that ar 

ule, torus sector, an 

between the use of personnel access and all-remote o ~ r ~ ~ i ~ ~ § .  This is ~ a ~ ~ i ~ ~ ~ y  explaine 
fact that personnel access to the device i 

ust be ~ c ~ ~ ~ ~ ~ ~ j s ~ e  
personriel access case is 4150 h; for th 
age, the device will have a p p ~ o ~ i ~ ~ t ~ ~  
case. This difference is not significant becaus 

is the same for both ~ ~ ~ ~ o a c ~ e s .  

~ d v a ~ ~ ~ ~ ~ ~ o ~ s .  The total personneli exposure i s  233 rem fOr  the 
h EXdQl.-cf& ~ ~ r ~ ~ ~ O ~ s .  

la per year at the devi 
at 25 ~~~~a~~~~ 

if the dose level Is 
11 per year if th 
expsure a0 dd 

reactor cell is quite hw,  ~ ~ ~ ~ ~ ~ u ~ ~ K ~ Y  

cant cost differences were ide 
approach are 10% h igh~r  (--si” million), an 
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etaluation of cost data for consistency. Thc intcnt of these dcfinitions is to iecssd cost d a h  
obtaixd from fu'usion projects so that thc data are directly useful in estimating the casts of 
future projects 

Acccr rat+ estimating project costs rquires considernblc information in addition to 
p3ilcD.t p~rchase  prlcr: The costs iiiacurred by G O ~ ~ O ~ C P ~  developrfient, e t ~ g i n ~ e r i ~ ~ g ,  

maiiageiiicrit, and constrrrction are substantial. The Design Center has devc!spcd uniform 
defirliiions a114 p r O C d i l r r c  is estimate thc tota! costs of fxtl$v:re p~ojccts~ The nietlnod is 
bascd B q d y  on commercial pmes indlnstiy practice but is sufficiently g c i ~ r a l  to bc a . ~ d  
for nz-xt-gcncmtion experi~ental  devices. 

1 hc overall approad\ to assembling a project cost estimate consists of parallel project 
des ig~  and cost data base activities. At thc onset of a project, a detailed code of accounts 
(vork brcnkdwn structure), conipatibk with the partieiilar prajject, is developed below the 
mar;datory lcvel cf the FEDC Cede of Account%. The FCDC Code of Accounts is appiica- 
ble to all Iiiagneiically confined fusion concepts (tokamaks, mirrors, etc.) and project types 
(expmimerta' device, power reactor) and is ilexible with regard to contracting arrange- 
ment Cognizant engineers are assigncd the responsibility of providing the technical input 
to the cost estimate and submit standardized cornponeat subsystzm design data sheets 
alcxg with supp~tt ing material for their assigl-ncd elemciits in the code of accounts. 'I hese 
compsnc,nt/subsysterxn dcsign data sheets; in conjunction with the Cost #.lata Bass File> 
form t k  basis for the prajcct cost eslimatc. The Cost nata Bas@ File, which is a catalog of 
cost cocf i is i~~ts ,  algorithms, and campsrra=nt costs arranged in a s tadard format, is the 
pi-odwt of thc cngoing fusion component cost dat2 base activity. 

I?  

Tire ilowchait showir in Fig 8 28 outlines the methodology for calculating the total 
constrrictcd cost of a rcactoi plmt or experitnental deuicc. 'The equipment cost of a specific 
component oi subsystem is first calculated usiag the design dcscriptiorn znd paramckers list 
siibmittcd by ths cognizant engineer and the cos: data on a similar component fiom the 
Cost Data 3asc Filc Enginrrring COS+ and labor cost for the c~rsrn~wi~cn:/subsystem arc 
calculatcd using a pzrceutage of cquipient cost extracted from the Cost Data Base File. A 
design allowance i s  added to the subtotal of compo~atr,i/sinbsyr;tem engineering, equipmemt, 

{ahor costs to acsaiilt for uncertainty in t k  estimate for new equipment. The sum of 
equipment cost, enginc~r-i'i-~g cost, and labor ax%, (with design allawance) i s  the direct cost 
of thc cornponefit or subsystcn. The direct costs of all the compocents and subsystcms in 
the codc of accounts are summed to foma the total dircct cost of the facility, which 
iepreecats those costs associated with a specific, peraaslancnt component or subsystem in tbc 
plant. A separate systems contingency i s  then determiaaied for each major scction of the 
facility. 

Fopii iadircct cost clellilcnts are C&U lated, by ~ 1 1 h e l e ~ ~  t if necessary, using psrceat- 
sf total diicct  COS^ extracted from thc Cost Data Rase File. These four elements are 

suiamei: to forrn thc total indirect cost of the facility, which i s  dcfined as cost aot identi- 
~ l t b  specific, pim;mIl ?!ant facilities, equipment, or systems bait incurred by the 

projcci as a wEacBe, Phe total direct and indirect cost5 are summed, arnd a construction 
icy is added to account for project uncertainties. The sum of direct and indirect 

COGS and contingency is thc t ~ t d  constructed cost of the facility. 
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cost data base ~~~~1~~~~~~~~ 

Past experience has demonstrated that “bottormqY‘ cost estimates made at preconcep- 
tual design leve!s for devices on the leading edge af technology are cornsistently inaccurate. 
This traditional estimating method involves sui-nming the cost of subsystem components, 
beginning with the sma!lest details and combining these into larger and larger assemblies 
until the entire subsystem is complete. The bottom-up method i s  an excellent method when 
the design has matured to a fine levell of dctail and the components arc standard, off-the- 
shelf items with precisely known costs. However, abscnce of a mature design at the precon- 
ceptual level makes total bottom-up cost estirmiing very difficaalt, at best, due to the 
inherent lack of design definition and detail. 

’T’he FEDC Cost Data Base i s  k i n g  derived fiom actnal cost exper:ience within and 
outside the fusion community and includes engineering, equipn-rea:, and labor cost data for 
specific components/subsystems, in addition to project-level indirect cost data. Major 
SBUBCCS of cost data are 

* 
6 fusion component d e ~ e l ~ p m e n t  projects, 
e fusion project cost estimates, 
* 
e manufacturer’s quoteslprice lists, and 

fusion projects now ~ p e ~ a t i n g  or iander construction, 

industrial manufacturers of fusion corraponemts/suhsyst~~~~ 

other nuclear projects. 

The extent and format of the cost data available for a specific comp nent depend on 
thc component’s origin. If the component is commercially available, then only the purchase 
price need be reported. If the component is specially Fabricated, all applicable direct cost 
subelements (engiineering cost, equipment cost, labor cost) should be reported. ‘T’hese 
subelements depend on the contractkg method -built to print, built to  specification, 
installed, et@. In some instances, fabrication cost arid fabrication engineering cost can be 
reported separately, depending 011 whether the manufacturcks directly charges fabrication 
cngineering or includes it in overhead. 

The most difficult cost data to refine for use in predicting the cost of fiitiire projects 
are those from one-of-a-kind component development programs. Figure 3.29 outlines the 
general niethodology used to refine componciit development cost data, Program-unique 
costs are quantified and subtracted from the total eontiact cost to yield the cost of the next 
unit. Unique costs include costs incurred due to iniposed budget and schedule constraints, 
costs attributable to unique requirements that would not apply to production units, and 

unit is then divided into recurring and nonrccurring cost e?ements. Subelements of nom 
recurring costs are engineering and tooling. Recurring costs include the cost of fabrication 
and the cost of fabrication support engineering. The fabrication cost of the cornponient or 
subsystem is broken down into its suhelemewts, if necessary, and fabrication engineering is 
prorated among these subelemewts. In cases where fabrication enginccring support is not 
directly charged by the manufacturer, it shtould be included in thc overhead rate agplicd to 
fabrication labor. h a  assumed learning curve is then applied to the subelement cost, based 
on the desired quantity, and tooling cost is added to yield the cost of the production units. 

costs due to problems that would not be repeated on succeeding units. The cost of th- cr next 
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This same methodology can be used, to a lesser extent, to refine cost data from 
units. 

After t h e a s t  data have been refined, they are rewrde ipn the Cost Data 
This file is a catalog of wst coefficients, cost algorithms, and %ompnent takeoff costs” 
formatted onto separate cost data sheets corresponding to 
terns. Each cost data sheet contains equipment, labor, an 
tion to pertinent design parameters 
coiiiponeslt or subsystem. The Cost 
Code of Accounts. 

t y p + j  of the specjfic 
respond to the FEDG 

An Availability Working Group was formed within the 8 F E  in arch 1984 to COll- 

sider the establishment of an availability program for magnetic fusion. The scape of this 
program is defined Lo include the ~ e ~ e l o ~ ~ ~ ~ ~ t  of ( 1 )  a comprehensive data base, (2) 
empirical correlations, and (3)  analytical rnsethods for application to fusion facilities and 
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devices. The long-term goal of the availability program is to develop a validated, integrated 
methodology that will serve to provide (1 )  projections of plant availability and (2) input to 
design decisions on maintainability and system reliability requirements. 

The Phase I study group was comniissioned at the Design Cenlcr to assess the status 
of work in progrcss relevant to the hvdabi l i ty  Program. l’he scope of Phase I included 
surveys of existing data and data collection programs at  operating fusion facilities, the 
assessment of existing computer models to calculate system availability, and the review of 
methods to predict and correlate data on componcnt failure and maintenance. 

The review of existing availability calculation models shows that they arc sufficient to 
s of the fusion program. The cleterxtinistic model developed 5y the Electric 

Power Research lnstitute (EPRI) for advclrmced power system applications, UNIRAM, is 
recommended for rapid assessment of the effect of design and input data. changes on the 
overall system availability. Two stochastic codcs developed specifically for fusion systems 
(the University of Wisconsin and thc FEDC models) are recomrnended for more detailed 
systems analysis. These stochastic codes are capable of assessing more complex operating 
and maintenance scenarios, and they provide a more realhiic model of the plant thaw the 
deterministic code. 

It was found that the availability models are not routinely used in design studies and 
are not used to their full potential because the models are already well advanced compared 
to the availability and quality of the input data. Effective use of the models requires 
detailed design definition and realistic inputs for Failure rates and repair times. Essential 
elements of the design definition are the complete system and component definition, the 
identification of failure modes and consequences, and the specification of the maintenance 
approach. ’I’Re degrce of definition in most prcconceptrral design studies does not warrant 
the use sf a sophisticated availability model. The fusion component failure and repair 
inputs to the models at present are estimates based largely on the experience of persons 
familiar with the development of similar componects. These data are useful for rough esti- 
mates of plant availability or, as is more commonly the case, for apporiionirients of the 
availability of each component to achieve the plant target availability. Simulation of 
mechanical motions by computer-aided design (CAD) kinematics software may become thc 
best source for maintenance data. in the future. This would allow an assessment of new 
designs without requiring physical mock-ups and would be conveniently connected to 
designs in progress on the CAD system. Correlations of reliability data can be discovered 
and estimates of future performance obtained by formal interrogation of fusion personnel, 
such as by Bayesian interrogation of experts. 

The kcy issue in the data base assessment is whether it is worthwhile to collect data 
from existing experimental devices. Data should only be collected to the extent that, and in 
a manner such that, the data will be of use. Potential iasers of reliability, availability, and 
maintainability (RAM) data are thosc engaged in the conceptual design of next-generation 
devices and the operators of existing devices. 

Operating logs and other records are used selectively and individually by experimental 
projects to identify downtime drivers. Although these devices do not have high, availability 
as a goal, the pro-iects are judged by the experiment time accomplished. The need for 
centralization of the device RAM data is questionable, because the devise-specific prob- 
lems are perceived to be more important than generic problems and because profcssional 
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exchanges serw to identify generic problems. Comprehensive collection of RAM data is 
justified if the cost of collecting the data i s  less than the value of the data to the experi- 
naental project car if one of the objectives of the project is to provide RAM data for future 
a p p ~ i c ~ ~ ~ o ~ .  The first condition is met by projects that are so large, expensive, and con- 
trolled that a quality assurance and control rogram i s  implemented. This is true of TFTR 
and will be true of MFTF-B. The second codition is met by the technology development 
programs, such as the Tritium Systems Test Assembly (TSTA) and LCP. 

The long-term objectives of the ~ v a ~ ~ a b i ~ ~ t ~  program, to project fusion plant availabil- 
ity and guide designs, will require a ~ o ~ ~ p r e ~ e n s ~ v e  data base. The value of data from 
current experimental projects i s  arguable, but these data are better than no data, if prop- 
erly used. The goal of thc fusion program is to provide the information required for the 
private sector to invest in fusion. A key element of this information will be the projection 
of plant availability. Availability analysis and projection should become as much a part of 
reactor design studies as cost analysis and projjection. Historically, availability analysis has 
been used to improve the performance of existing or fully characterized systems. It is 
ambitious for the fusion program to intend to confide11 predict the availability of a 
power plant before a full prototype has been operated. wever, the capital investment 
required for a fusion plant nnandates this projection. In the tong run, the existence of a 
comprehensive and validated RAM data base will be of high value to the fusion program. 

N ENVIRONMENTAL ASSESSMENT ~~~~~~ 

The Fusion Environmental Assessment Program provides technical assistance to the 
DOE-QFE in c o o r d ~ ~ a t ~ ~ n  and preparation of National Environmental Policy Act 
(NEPA) compliance documents. The program is a ~ r n ~ ~ ~ s t ~ a ~ ~ v e ~ y  part of the Environmen- 
tal Impact Section of the ORNL Energy Division, but it draws on the technical expertise 
of staff from the Chemical Technology, Engineering Physics and Mathematics, Environ- 
mental Sciences, Fusion Energy, Health and Safety Research, Information, and Metals 
and Ceramics divisions as well. 

Since the program's inception in 1979, its focus has been the developnient of a generic 
e n v i r o ~ ~ ~ n t a ~  impact statement (GEIS), which is required by NEPA regulations as the 
national fusion program advances from basic and applied research to engineering develop- 
ment. In 1984,' a revised ~ ~ e ~ ~ ~ ~ ~ ~ r y  draft CEIS was prepared. The following issues, which 
are related to introduction of central-station fusion power plants into the U S .  energy econ- 
omy, were addressed: radioactive inventories, plant effluents, occupational safety and 
health, reactor safety, radioactive waste management, and availability of basic constituent 
materials. The technical basis for analysis of these issues in the GEIS is included in a pre- 
vious report.*9 The draft GEIS is expected to be issued by DOE in FY 1986. 
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The Office of Fusion Energy Reacto 
areas: Alloy D e v ~ ~ o ~ ~ e ~ t  for Irradiation 
damental Studies (DAFS Plasma-Materials Interaction (P 
Materials (SYM). The P 1 research is reviewed in Chap 
research on the ADIP, DAFS, and SPM tasks. 

and have as their primary objectives 

ateriab Program consist 
ormance ~ A ~ ~ P ~ ,  Dama 

Our ADXP and DAFS programs are cloncerned with fusion reactor s~~~~~~~~~ 

1. to develop an u n ~ e ~ $ ~ a ~ ~ ~ ~ n g  of the mechanisms involved in radiation 
rosion phenomena; 

2. to provide information on materials properties necessary for the de 
fusion devices and for fusion power reactor conceptual design and ta 

3. to develop a sound t ~ c ~ n o ~ o g i ~ ~ ~  bask for development of mater 
fusion to he developed to its full 

Our research on austenitic stainless steels has focused on develop 
tures that are stable at  high temperatures to high irradiation damage 
trap transmutation-pr~uced helium on a very fine scale. Such mi 
extend the incubation period for void swelling and increase the te 
helium embrittlement occurs, thus expanding the temperature-flue 
Exploratory research including basic physical metallurgical studies, ir 
Flux Test Facility (FFTF), and dual-ion irradiations was initiated ora 
austenitic stainless steels, which are possible low-activation s tsuctural alloys. 

Research on vanadium alloys has continued to expand. Development of an a 
for introducing helium at ekvatd temperature using the "tritium trick" was corn 
Helium was introduced into three vanadium alloys with no significant ~~~~~s~~~~~~ 
pickup. The three alloys (V-15 Cs--5 Ti, V-3 Ti-l S, and VANSTA 
responses of the tensile ductility and fracture behavior to the presen 
results show that the resistance of vanadium alloys to helium embrittl 
cantly improved through further zailoy development. Samples are bein 
to investigate the cornbind effects of helium and displacement damage. 

alloys, HT-9 and 9 Cr--1 
tensile properties. To create radiation damage conditions similar to those 
1 4-MeV neutrons ( d i s ~ ~ ~ ~ ~ ~ ~ ~  damage coupled with helium pr 
pioneered the technique of isotopic tailoring. To structural alloys, 
selected isotopes that will enhance helium production during ~ r ~ ~ ~ ~ ~ t ~ ~  
spectrum fission reactor. An extensive study of the effects of dopi 
small concentrations of natural nickel has e s t a ~ ~ ~ s ~  

In  the ferritic steels area we have continued to scope the response of our referen 
o, to neutron damage, with particular emphasis 
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of the tempered martensitic structure is retained. Sets of doped and undoped alloys 
currently undergoing irradiation in the Hligh-Flux Isotope Reactor (HFIR) will allow us to 
explore, for the first time, the response of these promising materials to high levels of dam- 
age (- 100 dpa) and helium (- 1500 appm). Subsequent experiments are planned using 
lower concentrations of ' * ~ i  to stimulate helium production and identical concentrations of 
6oNi for controls. Our approach to developing low-activation versions of the ferritic steels is 
to explore the metallurgical consequences of substituting tungsten or vanadium for 
molybdenum and niobium in an experimental set of alloys with chromium ranging from 
2% to 12%. Although our initial studies are promising, a great deal remains to be done to 
investigate the ductile-to-brittle transition, high-temperature strength, corrosion properties, 
and radiation response of this new class of materials. 

Corrosion studies have the objectives of ( 1 ) establishing compatible structural material, 
coolant, and breeder combinations and (2) understanding the mechanisms of corrosion and 
mass transfer to provide a basis for predicting kinetics in reactor systems and developing 
techniques for control. Estimates of the maximum allowable temperature in austenitic and 
ferritic stainless steel systems using lithium an Pb-Li as coolants/breedcrs have been 
established. In general, the compatibility of the ferritic steel i s  superior to that of the 
austenitic steel in the liquid-metal environments. 'The compatibility of vanadium alloys 
with Pb-Li and lithium is being addressed with prime emphasis on interstitial mass tsans- 
port and reactions in dissimilar alloy systems. 

The DAFS research has focused on developing an understanding of the cffects of 
helium on microstructural evolution, swelling, and mechanical properties. The research 
includes theory, rn eling, and experiment. Helium is found to reduce the critical radius 
for bias-driven growth. In the design of swelling-resistant inaterials, the helium must bc 
trapped in a. distribution of very fine bubbles, which because of their high concentration 
are delayed in reaching the critical size for growth as voids. 

The program on insulators and stabilizers for superconducting magnets (SPM Pro- 
gram) has focused on providing facilities at the National Low-Temperature Neutron Irra- 
diation Facility (NLTNIF) for research in the area of radiation effects on magnet materi- 
als, This iacility will provide temperatures and irradiation conditions similar to those at the 
magnets of a fusion reactor. 

9.1 ALLOY D E V ~ ~ ~ P ~ E ~ ~  FOR 1RRPU)IATION PE 

Radioactivity in fusion reactors can be effectively controlled by materials selection. The 
detailed relationship between the use of a material for construction of a magnetic fusion 
reactor and the material's characteristics important to waste disposal, safety, and system 
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maintainability has been studied. The quantitative levels of radioactivation are presented 
for many materials and alloys, including the role of impurities, and for various design 
alternatives. A major outcome has been the development of quantitative definitions to 
characterize materials based on their radioactivation properties. Another key result is a 
four-level classification scheme to categorize fusion reactors based on quantitative criteria 
for waste management, system maintenance, and safety. A recommended minimum goal 
for fusion reactor development is a reference reactor that (a) meets the requirements for 
Class C shalilow land burial of waste materials, (b) permits limited hands-on maintenance 
outside the magnet’s shield within two days of a shutdown, and (c) meets all requirements 
for engineered safety. The achievement of a fusion reactor with at least the characteristics 
of the reference reactor is a realistic goal. Therefore, in making design choices or in 
developing particular materials or alloys for fusion reactor applications, consideration must 
be given to both the activation characteristics of a material and its engineering practicality 
for a given application. 

‘School of Engineering and Applied Science, University of California, Los Angeles. 
+McDonnell Douglas Astronautics Co., St. Louis. 
$Westinghouse Electric Corp., Pittsburgh. 

+?GA Technologies, Inc., San Diego. 
*$Argonne National Laboratory, Argonne, Ill. 

t* Princeton Plasma Physics Laboratory, Princeton, N J .  

9.1.1.2 ‘The Development of Austenitic Steels for Fast lnduced-Radioactivity Decay 
for Fusion Reactor Applications”’ 

R. L. Klueh and E. E. Bloom 

Austenitic stainless steels (primarily type 316 and variations on that composition) are 
leading candidates for the structural components for future fusion reactors. However, irra- 
diation of such steels in a fusion environment produces long-lived radioactive isotopes. 
These isotopes lead to difficult radioactive waste disposal problems once the structure: is 
removed from service. Such problems could be reduced by developing steels that contain 
only elements that produce radioactive isotopes that decay to low levels in a reasonable 
time (tens of years instead of hundreds or thousands of years). This paper discusses the 
development of such austenitic steels by making elemental substitutions in the steels now 
under consideration. Nickel and molybdenum must be replaced in these steels; the nitrogen 
concentration must be limited and the niobium maintained at extremely low levels. Man- 
ganese appears to be an appropriate substitution for nickel. Because manganese is not as 
effective an austenite-stabilizing element as nickel, a simple one-to-one substitution i s  not 
possible. Therefore, the first step in an alloy development program will be the determina- 
tion of a stable Fe-Cr-Mn-C composition, after which alloying additions can be made to 
improve strength and irradiation resistance. 
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9.1.1.3 T h e  Rwel 

R. L. K1ue.b an3 E. E. 3!c\ 

Thc Cr-Mo ferritic (martcnsitic) steels ai:: leading candidates for the strtictural corn- 
pments for future fusion reactors. Ms.rllever, irradiation of such steels in a fusion environ- 
nicnt produces long-lived radioactive isat s that lead to difficdt wastc disposal problems 
OIXX the structure i s  mmoved Frsa servic-,. One method proposed to alleviate such pro$- 

pmewt G f  steels that -contain only elements that produce radioactive iso- 
topes t h B t  decay to low levels in  a rcaso-irable time (teas of yeais instead of hundreds or 
thousam% of years). For such a solution for the Cr-Mo steels, ~ I D ~ ~ ~ ~ G C I I ~ T X  milst be elim- 
inated. In addition, niobiufii must be mairitairncd at extremely low levels. Tungsten is pro- 
posed as an appropriate substitution for molybdenum, and the grocedurcs for dewAoping 
Cr-W ste& analogcus to the Cr-Mo steels are discilssed. 

Moiybdcnum is a d d d  to improve elevated-tempmiti1 re strength and corrosion rcsis- 
tance for typc 318 compared to t y p  304 stainless steel. Strong carbide-forming elements, 
like titanium and nlok;;cm, are also addcd tn these steels to iriprovc creep strength and 
~ c d w e  stress coirosisn cracking, as well 2s t D  improve resistance to irradiatiorn-iadeP@ed 
szvelling and h e h m  annbrittleraaent, This work shows that &irlgr pure Tic a i d  NbC form 
in Ti- and Nb-stabilized versions of type 384 siain!ess steel (types 321 and 347, respec- 
tively); howver, the Ti-rich MC dissolves nzdybdemm consider ably, whereas the NbC 
remains campositimally quitc p i e  wheia thcsc phas~s form in Ti- and Nb-modified type 
3 15 stairalms steels, respectiveby. 'I'he modified t y p ~  3 16 stainless steels dcpen 
ity of fiine MC particles for tkcir creep oi  iiradiatioa resistance advantage over nnrnodifiied 
alloys. Differemcs in phase stability mag coiielatc with differznces in phase composition. 
Fcr example., the Ti-rich MC wouRld seem sensitive to mclybdenurri alloy content or forma- 
tion of rliolybdenltil-i-iich phases, \rdltnereas thc NbC vJcdd not. S W ~  ideas can lead to alloy 
dsve!spmerut strategies for proprtks  iniprovvemmt that W O U ! ~  5e uimsiqected without 
analytical electron microscopy (AEM) phase analysis. 

Nimoilic P'E-16 was irradiated in the PXlFHR to 5 to 9 dpa and 550 and 1000 appm He 
at 430°C. Postirradiaticrc fatigue tests re-dcaled a icdnction in Patig-riF: !ifc by a ' t a ~ ~ t  a factor 
of ten at 430°C. In coriiiast to AIS1 type 316 stainless stce!, ne cndurance limit was 
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observed. All irradiated specimens exhibited some intergranular fracture wit 
tendency toward "cleavagelike" intragranular fracture for low strain ranges, 

'Metals and Ceramics Division. 

9.1.4 Refractory Metah and Alloys-Abstract of uA Modified Tritium 
Technique for Dophtg Vanadium Alioys with Hehamh 

D. N. Braski and D. W. Ramey* 

A modified tritium trick technique was used to implant three different kvek of 3He. in 
V--15 Cr--5 Ti (wt 9%) and VANSTAR-7 specimens before irradiatisa 
modifications include ( 1 ) wrapping of the specimens with tantalum foil 
gen contamination and (2) a 400°C decay-time treatment to prevent van 
mation and to produce a 3He bubble distribution similar to that produ 
temperature irradiation. Preliminary results show that both modificati 
However, the tritium removal step at 700°C was probably too e 
higher helium levels, because large 3He bubbles formed in the 
severely embrittled the V-15 Cr-5 Ti alloy. Reduction OC the t 
480°C should alleviate this problem. VANSTAR-7 specimens CQRS 

half as niuch tritium and subsequently contained half as much 
Implanting 3He in vanadium alloys via the tritium trick offers a 
study the mechanism of helium embrittlement without irradiatio 
rapid screening method to help develop embrittlement-resistant vanadium aQ1osys. 

"Operations Division. 

9.1.5 Martensitic Steels-Abstracts 

9.1.5.1 "Elevated-Temperature Tensile Properties of Irradiated 
2% Cr-l Mo Steel"' 

R. L, Klueb and J. M. Vitek 

The effect of neutron irradiation on the tensile properties of n ~ r ~ ~ ~ ~ ~ ~ ~ " ~ ~  
2% C r - 1  Mo steel was determined for specimens irradiated in the ~~~~~~~~~~ 

Reactor (EBR-11) at 390°C to 550°C. Two types of unirradiated control 
tested: as-heat-treated specimens and as-heat-treated specimens aged for 
irradiation temperatures. Irradiation to approximately 9 dpa at 390" 
strength and decreased the ductility compared to the control specimens. S 
i n  samples irradiated and tested at temperatures of 45O"C, 504)"G, and 5 
o f  softening increased with increasing temperature. The tensile results 
terms of the displacement damage caused by the irradiation and changes 
itates that occur during elevated-temperature exposure. 
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erties of 12 CP--1 M 

W. W. c?,orwin,* R. 1,. Klucbn, and J M. Vitek 

The ferritic steel 12 Cr-l  MoVW is a candidcnte material for us% in the first wall of 
magnetic fusion reactors. One of the primary concerns of materials in this application is 
scivice-induccd embrittlemcnt from aging arid irradiatien. IJnirradiated Charpy impact 
data have hecn developed oil three typical heats of 12 Cr 1 MoVW steel and on heats that 
have been niodificd with nickel and chromium additions for subsequent simulation of 
helium effects of irradiation. The ductile-to-brittle transition tcmperaturc and the upper- 
shelf energy were reduced by nickel additions. The addition of nickel while simultaneously 
maintaining B constant net chromium equivalent caused the transition temperature to 
increase. 'I'he use of a subsize specimen is rnnarldaied by the snnall volume and high gamma 
heating in high-flux research reactors used for very high flucnce irradiation experiments, 
Therefore, an understanding of the beha or of the subsize specimen is  important in 
predicting corresponding irradiation-induce transition temperature shifts and upper-shelf 
drops of fidl-six Chargy specimens. Data are reported from subsize Charpy impact speci- 
mens, arid the full-size and s~alssizc specimens are compared. The effect sf specimen size on 
the upper-shelf energy of this nratcrial can be reduced better by volume normalization than 
by arca normalization. 

'Metals and Ceramics Division. 

9.1.4 Copper adnd C h  

K. C .  Liu* and C .  M. br ing ,  JS.+ 

In-vacuum fatigue tests were performed on commereirally pure OFHC copper and 35% 
Au-SS% Cu brazing filler metal at 30 "C. Excessive recrystallization due to exposure in 
the 1025°C brazing temperature cycle was detrimental to the fatigue life of the base 
metal; cold work was beneficial to the fatigue resistance. T r i ~ ~ ~ ~ ~ ~ ~ ~ t  cracking and grain 
boundary sliding were the prevailing modes of fatigue failure observed in the full-size 
specimens. However, a mixed morphology of ductile and clewagelike fracture was 
observed on the fracturc surface of the subsizc spcinaen in which the grain structure 
appeared to have undergone a change because of the presence of surface cold work. The 
braze has superior fatigue resistance, but to exploit the maximum strength, the brazed 
joint must be devoid of defects such as cavities and cracks, 

'Metals and Ceramics Division. 

'Fusion ~ n q y  ~ i v i s i o n .  



9.2 MATERIALS COMIPATIBILITY-ABSTA~~ 

9.2.1 

P. F. Tortorelli and J. H. DeVan 

uilIIass Transfer Kinetics in ~ i ~ ~ ~ ~ ~ - ~ % ~ ~ ~ ~ ~ ~  Steel Systems*" 

Austenitic stainless steels have been studied using lithium thermal-convection loops that 
allow periodic specimen e x a ~ ~ ~ n a t ~ o f l  wit out significantly disrupting the lithium flow. 
Weight change measurements were made as a function of exposure time to characterize 
the reaction kinetics of both the dissolution and d e p o s ~ t ~ ~ n  processes. A power curve law 
was found to accurately describe the weight loss and gain behavior over the entire exposure 
interval, whereas both power curve and straight-line fits adequately reflected the weight 
changes as a funct~on of time at longer exposures. owever, weight changes ultimately 
approached a steady state, in which the dissolution and deposition rates are constant (that 
is, the weight changes were linearly propurtionnal to exposure t h e ) .  An Arrhenius analysis 
of the dissolution rates from a loop experiment in which the maximum loop temperature 
was varied while the AT remained fixed yielded an apparent activation energy consistent 
with a phase boundary reaction as the: rate-determining step. Determination of steady-state 
deposition rates for the long-term loop experiments showed that the maximum rate of 
weight gain was generally not at the minimum-temperature specimen position. 

P. F. Tortorelli and J. H, DeYan 

Liquid-metal corrosion can be an important consideration in developing alloys for 
fusion and fast breeder reactors and other ~ ~ ~ i ~ ~ d t ~ ~ ~ s .  Because of the many different 
forms of liquid-metal corrosion ~ d i ~ s o l u t ~ o ~ ,  alioying, carbon transfer, etc.), alloy optimiza- 
tion based on mrrosioii resistance depends on a number of factors such as the application 
temperatures, the particular liquid metal, and the level and nature of impurities in the 
liquid and solid metals. The present paper reviews the various forms of corrosion by 
lithium, lead, and sodiurri and indicates how such corrosion reactions can influence alloy 
optimization. 

9.3 DAMAGE ANALYSIS AN ~ ~ ~ ~ A ~ E ~ ~ A ~  STUDIES-ABSTRAGTS 

9.3.1 "The Effect of Microstructure an the Minimum Critical Radius 
for Bii-Drifren G Q W ~ ~ I  During ~rradiation~'~ 

W. A. coghlan* and L. K. Mansurt 

It has been shown theoretically that bias-driven cavity swelling can only occur after 
either a critical cavity radius has been achieved or a critical number of gas atoms has 
accurnulatcd in a cavity. These possibilities merge into each other, as increasing the con- 
tained gas lowers the critical radius until at the critical number of gas atoms the minimum 
critical radius is achieved. With the addition of any more gas, the critical radius disappears 
and cavity swelling is ensured. It is found that these critical quantities are highly sensitive 
to irradiation conditions and material parameters. Under fixed irradiation conditions, the 
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critical quantities are remarkably strong functions of dislocation density and bias. These 
results are described and their implications for the design of swelling-resistant materials 
are discussed. 

'Arizona State University, Tempe. 

'Metals and Ceramics Division. 

m8iu.s a d  Critical Nornltber oaf Gas Atoms for Cavities 
er Wads Gas"13 

W. A. Coghlan* and L. K. Mansurt 

The effect of gas on void nucleation and growth is particularly important for structural 
materials in fusion reactors because of the high production of helium by neutron-indanced 
transmutation reactions. Gas reduces the critical radius for biasdriven growth, and there is 
a critical number of gas atoms tt; at which the critical radius is rcduced essentiaUy to 

zero. The significance of this is that the t ime ir:esval to the accumulation of gas atoms 

niay deterrnine the timc to the onset of bias-driven swelling where n i  i s  large;. In previous 
papers these critical quantities werc given for an ideal gas. Recently, we presented the 
results for a Van der Waals gas IIerc the derivation of these relatiom i s  presented and 
further results of calculations are given. At low tcmpcratures (high pressures) the results 
depart from those of the ideal gas, with the critical number affected more strongly than 
the critical radius. Comparisons are madc with earlier calclalations. 

~ ......... __ .......-- ___ 
'Arizona State University, Tempe. 

'Metals and Ceramics Division. 

A norrmmalized-aaad-te~pers;d Fe-9 C - 1  Mo steel, modified with sm-all quantities of 
niobium and vanadium, was bombarded with &MeV iron ions to a nominal displacement 
level of 100 dpa at temperatures of 400"(:, 450"C, 5OO"C, 5SO"C, and 600°C. The major 
microstructural damage feature created in the lathlike a-ferrite grairns was dislocation 
tangles, which coarsened with increasing bombardment temperature. Sparse cavities were 
heterogeneously distributed at  500" C and 550" (7. Incorporation of helium and deuterium 
simultaneously in the bombardments at rates sf i 0 and 45 appm/dpa, respectively, 
introduced very high concentrations of small cavities at all temperatures, many of them on 
grain boinrdnsies. These cavities were shown to be promoted by helium. A small fraction of 
the matrix cavities exhibited biasdriven growth at 500°C and 550"C, with swelling less 
than 0.4%. Thi5 is a very narrow temperature range for bias-driven swellin 
125°C higher than the pcak s t v e h g  temperature found in neutron irradiations, which is 
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compatible with the higher damage rate used in the ion bombardments. High concentra- 
tions of subgrain boundaries and dislocations, resulting from the heat treatment, arid 
unbalanced cavity arid dislocation sink strengths in the damage structures contribute to the 
swelling resistance. Such resistance may not be permanent. High densities of bubbles on 
grain boundaries indicate a need for helium embrittlement tests. 

...... 

*Metals and Ceriimics Division. 

9.3.4 “Analytical Solutions for Helium Bubble and Critical Radius parameters 
Using a Hard Sphere Quation of Staten’’ 

R. E. Stoller* and G. K. Odette? 

Considerable theoretical and experimental work has verified the role of heliurn- 
stabilized bubbles as the precursor to void formation in fast-neutron-irradided stainless 
steels. The concept of the critical bubble radius or critical helium number for bubble-to- 
void conversion has received particular attention. A hard sphere equation of state is used to 
compute these parameters €or a variety of irradiation conditions, and the results are coin- 

Simplified analytical solutions are 
developed which permit the calculation of the bubble radius and the critical bubble param- 
eters without resorting to iterative techniques and yet retain the accuracy of the hard 
sphere equation of state. The use of these solutions is illustrated using a rate theory model 
of void swelling which has been calibrated using fast reactor swelling data. 

with those computed using the ideal gas law. 

*Metals and Ceramics Division. 

‘University of California, Santa Barbara. 
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T SP 

The neutron transport program includes both experimental and ~~~~~~~ phases. The 
experimental program i s  designed to provide the data necessary for v 
method and cross-smtion data used for fusion reactor neutronics 
Experiments are carried 
reactor shield materials 
these shields. The analytic program supports the design of the i 
compares calculated data with data obtained experimentally. W 
the area of nuclear data evaluation and cross-section processing, and the 
ing Information Center has ~ ~ ~ ~ t ~ ~ ~ ~ d  t~ supply a broad range of services lo the fwkm 
energy research community. 

to determine neutron and 
configurations and to deter 

10.1 ABSTRACTS 

G. T. Chapman, G. L. 
and J. M. Barnes 

to the transport of -14-MeV T(d,n)'He through laminated stainless st 
polyethylene shield configurations have been performed at  ORNL. The 
experiments have been accepted as a fusion shielding benchmark by the Cross Section 
Evaluation Working Group 
all of the experimental dat 
obtained at ORWL between the e ~ ~ ~ r ~ ~ ~ n ~ a ~  data and calcula 

Integral experiments to measure the energy spectra of neutrons and ga 

enchmark Committee. The document iaaclu 
a complete description of the experiment 

-- 
'Physics Division. 

10.1.2 Fusion Reactor 
and Analyse.? 

G. T, Chapman, R. T. Santo 

Integral experiments ta tra 0f neutrons and gamm 
to the streaming of -14-MeV ~ ~ ~ , n ~ 4 ~ e  neutrons ~ ~ ~ o ~ g ~  a ~~~~~~~i~~~ iron 

we the energy s 

18-5 
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been performed. The data from these experiments have been submitted as a fusion bench- 
mark to the Cross Section Evaluation Working Group Benchmark Committee. The docu- 
ment includss, in addition to all of the experimental data, a complete description of the 
experiments and coinparisons obtained at ORNL between the experimental data and cal- 
culated results. 
-___I-_ .... 

'Computing and Teleconirnunications Division, Martin Marietta Energy Systems, Inc. 

Et. G. Alsmiller, Jr., R. T. Santorcs, J. F. Manneschmidt, and J. M. 

The ion temperature of a deuterium plasma with a Maxwellian distribution may be 
determined by measuring the transmission of the D-D nel;trons, Le., neutrons produced by 
the reaction D + D --+ 11 + 3He, through liquid oxygen. In practice the measurement 
requires both collimation and shielding to ensure that the attenuation of only those neu- 
trons emitted directly from the plasma is measured. Calculated results are presented of the 
collimation and shielding required to reduce the background so that the ion temperature 
may be measured. The geometric configuration used in the calculations i s  that of the 
Impurity Study Experiment (ISX) at ORNL, but the results will provide insight into the 
application of the measurement method at other plasma facilities. Results are presented far 
I)-D plasma temperatures of 2, 6, and 10 keV and for two sizes of NE-213 detectors. It is 
concluded that the counting rates are too low to make the measurement feasible at ISX. 

R. T. Santors, J. E. White, and J. D. Drischler* 

A 174-neutron-group activation cross-section library for 23 3 ground-state target iso- 
topes and 22 isomeric target isotojxs is described. The library, ORACT, was derived from 
the ACTE Evaluated Neutron Activation Cross-Section Library and was developed for use 
with existing computer codes that calculate indiiced activation by convoluting the cross- 
section data with neutron scalar flux distributions. The activation cross sections extend 
over the energy range from thermal to 20 MeV and are useful for fusion and fission reac- 
tor nuclear design studies as well as other applications. 

'Engineering Physics and Mathematics Division. 
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10.1.5 Multigroup Energy-Angle Distributious for Neutrms from the T{d,n)'He 
Reaction (Es = 100-400 keV5 

R. T. Santoro, J. M. Barnes, J. D. Drischler,* and R. G. Alsmiller, Jr. 

The angle-energy dependence of neutrons produced in the T ( ~ , I I ) ~ H ~  reaction from 
100-400 keV deuterons incident on a 4-mg/cm2-thick titanium tritide target has been cal- 
culated. 

'Engineering Physics and Mathematics Division. 

10.2 DATA EVALUATION AND PROCESSLNG FOR FUSION NEUTRQMC 
DATA NEEDS 

D. C. Larson, C. Y. Fu, D. M. Hetrick, and R. W. Roussin 

Evaluated and processed neutron cross-section data are produced to meet the needs of 
fusion reactor designers. Nuclear data needs for the Magnetic Fusion Energy Program are 
given in ref. 6 and include evaluated cross sections for copper, nickel, and chromium. 
Nuclear model codes were used to compute cross sections for 6 3 G ~  and 65Cu for incident 
energies from 1 to 20 MeV. The input parameters for the model codes were determined 
through analysis of extensive experimental data in this energy region. The models and their 
input data and resulting calculations are compared extensively to measured data and to the 
Evaluated Nuclear Data File (ENDF/B-V) for copper in a recent report by Wetrick, Fu, 
and L a r ~ o n . ~  Evaluated nuclear data files were compiled from the calculations for both 
63Cu and 65Cu in the new ENDF/B-VI format. The resulting evaluated data sets were 
transmitted to the National Nuclear Data Center at Brookhaven National Laboratory and 
are available for processing. 

Work has been initiated on evaluating cross sections for 58Ni, 60Ni, and '2Gr in a 
manner similar to that for preparing the evaluations for 63Cu and 656u. 

Evaluated cross sections must be processed into forms which can be used in radiation 
transport computer codes. The focus of this effort has been the development of 
VITAMIN-E,* a 174-neutron, 38-gamma-ray group cross-section library. It can be used in 
conjunction with the AMPX-I1 system' to derive cross-section data suited to a particular 
application. The initial version of VITAMIN-E is based on ENDFJB-V." 

There is a continuing effort to maintain VITAMIN-E and the relevant AMPX-I1 
computing technology on the National Magnetic Fusion Energy Computer Center at 
Lawrence Livermore National Laboratory. The VITAMIN-E data and AMPX-II comput- 
ing technology are also available from the Radiation Shielding Information Center at 
ORNL. 
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10.3 RAD1 AYION SHIIELDING PNFOB&I/‘;ATBON CENTER 

R. w .  Roussin, D. K. hrmhey, J, H. M%te, and J. L. Bwliey 

Thc Radiation Shielding informatimi Gentcr (KSTC) sen cs alp intcrwational commun- 
ity by respwding to inquiries about radiation transport problems. S t d f  members provide 
guidance by drasing 011 a technical data base that d e s  a computerized literature file, 
a cokction of complex compctcs p r o g ~ a m ,  a d  substantial body of nuclear data 
libraries pertinelit to the solution of such p-iobiems. 

Acquiring thc iiecdc:! computer-based techmology basc requircs the collaboration of 
thc neutronics cominviniiy with KSIC staf€ i;scmbeis to collect, organize, process, evaluate, 
a d  package relevant technology developed in the ~omnrao ity. This technology i s  dissem- 
inated throughout the community with a mccha nism for fecdback of cxpericnce through 
usagc, which resdts in an imprwzd product The rcsuiting i e c h i d o ~ y  base provides an 
ove;al! advancanefit of the state of the art 

selected few of the prodiacts of this infoimatiofi cycle tlrdi are relevant to fusion 
neutionics arc listed below. An updated vrrsion of the milltigroup Monte Carlo code 
(cCC-aoj/MostsE-c~~-,i,” w s  provided by ORN 3 , ,  and T m  P,lamos National Laboratory 
(LANI.) provided the latest version of tbcir point ~ o n l t e  Carlo code (CCC-~OO/MCNP). l 2  

A nev version sf an atomic disyI4icernznt cocic (PSR- B 3 was cointritmted 
by OWNL. A cross-scdion katidihg rmiiile (PSR-205/TF\ANSX-eTR)I4 for multigrou 
data i-n MATXS format was placed in MSIC by L,ANI.,,. TIE Japan Atomic Energy 
Rea~arch lnstitirte updated CCC-41 O/THPDA,” a dose calculation system for fusion facil- 
ities, and the I @E Kingdazt Atonic Eneigy Authority contributed an updated version of 

This sekcticn regicSents only a small p r t i ~ n  of the total activity of the center. Infor- 
mation processing (including cvaluation and ackaging) is a daily concern. In addition to a 

sivc literatim data base, RS1C-packaged products include 1 15 data packages 
(DLC), 464 neutronics and shielding code packagcs (CCC), and 208 data processing and 
o t k r  misce!lanesus c d c  packages (PSR). 

their eva!riatPri troll cross-section library (DLC- 10’7/UMNDL-8 1 ).16 
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15. H. Iida, THIDA: Dose Calculation Systems for a Nuclear Filsiop1 Fwility, 
ORNL-tr-471 (JAERI-M 8019), Union Carbide Corp. Nuclear Div., Oak Ridge Natl. 
Lab., 1978. 

16. J. S. Story and R. W. Smith, The 1981 Edition of the United Kingdom Nuclear 
Data Library--A Status Summary, unpublished, 198 1.  
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11. GENERIC MAGNETIC FUSION REACTOR ANALYSIS 

SUMMARY OF ACTIVITES 

The economics of magnetic fusion will be an important factor in the acceptance and 
comniercialization of this energy source. A study of a “generic” magnetic fusion reactor, 
which. incorporates the elements common to a number of configurations, has led to the 
conclusion that the cost of fusion energy will be close to that for fission and fossil energy if 
certain physics and technology requirements are met. These requirements represent only 
moderate advances beyond current achievements and are the focus of existing development 
programs. The generic reactor model provides confidence that fusion can be a competitive 
energy source if the challenge of combining its elements into a single attractive reactor can 
be met. The challenge i s  a tremendous one, but we are confident that it can be met 
through a continuing commitment to the development of fusion as a source of energy for 
the future. 

Over tbt: past decade, numerous articles have been written discussing the potential 
economics of magnetic fusion reactors. In some of these articles it is argued that, because 
fusion reactors may be larger than fission reactors, the cost of electricity (COE) from 
them will be ~rQhib~~ive ly  high. In countering this argument, the point is made that the 
higher capital cost of a fusion reactor is  offset by lower fuel costs. Thus, the debate centers 
in part on costing procedures and in part on the somewhat uncertain scale of the ultimate 
fusion reactor. Compounding the difficulty of unraveling this issue has been the use in 
some fusion studies of overly optimistic costing procedures and the continuing debate about 
which magnetic configuration will turn out to be the best. 

As a contribution toward resolving these questions, a sludy has becn undertaken at 
RNL of whit  we call a “Generic Magnetic Fusion Reactor.” This reactor includes all of 

the components of the various types of magnetic fusion reactors-. among them, supercon- 
ducting a d s ,  lithium breeding blankets for tritium production, plasma heating systems, 
power supplies, fuel cycle components, shielding, remote handling equipment, buildings, 
generators, and cooling towers. However, the reactor is not any particular configuration, 
and it serves to emphasize what i s  common to all configurations. It is based on conserva- 
tive assumptions about the reactor form arid about the costing. ‘I’hus, the superconducting 
coils invoked are close to those. available today. Their cost is based on today’s costs, even 
though i l  i s  reasonable to expect substantial advances in this relatively young technology. 
The limit on scale is set, in the first instance, by the generic limits such as fusion reaction 
rates, shielding distanGes, acceptable material stresses, and the like. The cost procedure is 
that used in assessments of fission and fossil COES.’ 
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‘The model is used to identify the self-consistent requirements for a fusion reactor: how 
small must it be in order to compete with fission systems in the 2ist century? The finan- 
cial requirement is that the COE, in 1984 dollars, should be about 0.045-0.055 $/kWh(e). 
This is comparable to present fission and fossil costs, which typically range from 0.035 to 
0.045 $/kWh(e) at  the power plant output. We argue that at this stage i t  is necessary 
only to show that fusion is in the samc ball park. The potential environmental advantages 
of fusion, coupled with the eventual increasing cost of fission and fossil fuels, will be the 
deciding factor in a choice. ‘I’he question is then “Are the requirements in physics and 
technology for such a reactor attainable?” 

The results of the study are simply stated and encouraging. ‘I’hey support the argu- 
ment that many of the earlier fusion reactor reference designs were too big -typically, the 
weight of the fusion island was 25,000 tonncs for a 1200-MW(e) plant. Such plants have a 
COE of 0.0‘7-0.08 $/kWh(e) in this model. By the: same tokes, the study shows that 
fusion can be an attractive alternative if the fusion island weight is reduced to about 
10,000 tomes for a 120Q-MW(e) plant, as shown in Fig. 11.1 and Table 11. I .  An interest- 
ing result from the model is that smaller fusion power plants down to 380 MW(e) could be 
competitive in multiple units. 

ORNL-DWG 84 -3509 FED 

FUEL CYCLE 
- 

0 PER A‘P IO N S - MA I N PEN AN C E 

BALANCE OF PLANT 

__..---.I 
10,000 20,000 

MFI ( tonnes)  
3 0,000 

Fig. 11.1. COE vs mass of fusion island M F I ,  showing decrease in 
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Table 11.1. Parameters of improved fusion reactors with thermal power Ptof 3750 MW(t) 
II_ _I_ _II___ -- - 

Electric power, MW(e) 1,236 1,236 1,217 1,217 1,217 1,217 1,236 

Maximum coil magnetic field, T 9 9 9 9 9 9 8 

Major radius R 6.44 6.50 6.83 7.18 7.49 7.84 7.87 
Millor radius (I 1.61 1.08 1.14 1.44 1.07 1.31 0.98 

Auxiliary power to plasma, MW(e) 50 50 100 100 100 100 50 

m a  ( P )  0.10 0.10 0.10 0.08 0.10 0.08 0.12 

R l a  4 6 6 5 7 6 8 
Ellipticity b / a  1 .ti 2.0 1.5 1.6 1.6 1.6 2.0 
Mass, tomes 9,160 8,600 8,640 9,880 8,710 10,260 8,640 
Volume, In3 2,340 2,080 1,970 2,500 1,970 2,500 1,970 
Ratio of mass to Lhermal power, 

tonne/MW(t) 2.44 2.30 2.30 2.63 2.32 2.74 2.30 
Ratio of thermal power to volume, 

M W ( ~ ) / L I I ~  1.6 1.8 1.9 1.5 1.9 1.5 1.9 

MW jm2 4.5 5. I 5.5 4.5 5.9 4.6 5.1 
COE, $/kWh(e) 0.0522 0.0474 0.0558 0.0573 0.0589 0.0558 0.0472 

Neutron flux tQ f h t  wall, 

_.__I 

1,217 
100 
10 
0.0s 
7.05 
1.18 
6 
1.6 
10,6 10 
2,500 

2.83 

1.5 

4.8 
0.0591 

As to whether such plant sizes are realizable, the answer is yes. Both the physics and 
the technology represent only a moderate advance over present-day achievements and are 
not beyond the projections of our development programs. For example, a key parameter is 
beta, the ratio of plasma pressure to magnetic pressure. Values for beta of 8% or greater 
are required, depending on configuration and superconducting coil performance. Such 
values have been attained in some configurations and are accessible theoretically to a wide 
range of configurations, including the tokamak, stellarator, reversed-field pinch, and tan- 
dem mirror, for example. Equally, we may achieve the level of thermal insulation required 
to maintain the hot reacting plasma by a number of routes. We have built and operated 
superconducting coils with parameters close to those required and, in fact, may expect 
further advances. We have made substaneial progress in the development of the required 
materials and heating and fueling systems. 

The generic reactor model has been reviewed widely by other fusion laboratories, by 
universities, anc4-4 particular importance- by industries and utilities. Although many 
valuable suggestions have been made to improve the model, there has been no disagree- 
ment with the basic model or its output. 

Having said all of this, we should not overlook the tremendous challenge of combining 
all of those elements into a single attractive reactor. However, the history of technology 
development is one in which what was “inconceivable” in one decade has become common- 
place in another-television, space travel, air travel with its myriad of complicated com- 
ponents (radar, jet engines, movies in flight, supersonic transport, global coverage, opera- 
tion on schedule, etc.), computers, pocket calculators, and cancer cures, to name only a 
few. 

We are convinced that magnetic fusion can be a viable source of energy for the 
future. The time scale for the deployment of any energy system is so great (tens of years) 
that it is important to push development now, even though deployment will not occur until 
the 2Ist century, so that it will be possible to have a choice. 
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12. MANAGEMENT SERVICES 

SUMMARY OF ALTIVITIES 

The Management Services Section supports the programmatic research and 
ment activities of the Fusion Energy Division. Areas of support include the f o l l Q w ~ ~ ~ :  

general personnel administration, material and service procurement, s u b ~ n t ~ ~ ~ ~ ~ ~ ~ ~  
and coordination of national and international agreements; 
nonprogrammatic engineering services for support systems and equipment, p 
and coordination of general plant project and facility improvements, coordin 
maintenance and machine shop work, labor relations, and telecommunications; 

* financial management; 
* library services and resources; 

publications services. including editing, word processing, graphic arts, and reps 
tion; and 
safety, emergency planning, and quality assurance. 0 

Support is provided through interpersonal relations with division programmatic staff and 
through coordination of support resources from a variety of disciplines outside the 

12.1 OFFICE OF THE MANAGER FOR GENERAL GDMWISTRATION AND 
PROCUREMENT 

12.1.1 Personnel Functions 

Travel and off-site assignments increased significantly during 1984. There 
long-term assignments (foreign and domestic). Apartments near Princeton Plasma 
Laboratory (PPPL) were rented to accommodate personnel involved in accelerate 
cooperative research between ORNL and PPPL. 

ORNL divisions, 16 resignations, and 1 death. This resulted in a net loss of 20 e 
which included 7 physicists and 7 engineers. To improve the quality assurance 
fusion projects, two highly qualified engineers were hired. 

one clerical employee. Two additional university students came under the sponsors 
the Oak Ridge Associated Universities (ORAU) program. Assignments were proct: 
108 scientific guests and subeontractor personnel. Of these, 5 3 were foreign ~a~~~~~~~~~~ 

Attrition from the division was heavy. There were 5 retirements, 5 transfers to other 

The summer program was reduced to five technical students, one faculty member, an 
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28 were with the Large: Coil Program (LC'P), 13 were with the beryllium limiter experi- 
ment carried out for the Joint European Torus (JET), and 4 were involved in the colla- 
boration between the United States and Spain. 

The usual activities of personnel matters and security items continued. 

Industrial participation through subcontracts cost approximately $15 million. Phasing 
out the contracts for coils for the LCP is represented in this cost. Contracts for microwave 
sources with Varian and industrial contracts for the Fusion Engineering Design Center 

for FY 1985. Personnel associated with the closed-out subcontracts have left QRNL. 
(FED@) continue . Many subcontracts were terminated, and others were greatly reduced 

With the arrival of the coils from Japan, Switzerland, and Germany and the two U.S. 
coils, there has been a flurry of activity in the Implementing Agreement for the Large Coil 
Task. Local agreements approved by the DOE Oak Ridge Operations Office to assist the 
assignees to this program in obtaining materials and services have beeis implemented, A 
contract for a beryllium limiter experiment on the Impurity Study Experiment (ISX-B) 
was executed. This international collaboration for JET was very successful. Administrative 
matters went smoothly. 

this reporting perid. 
A new agreement between the United States and Spain was also implernente 

12.1.4 Prac 4a 

During 1984, the procurement group processed 1397 requisitions, representing a dollar 
value of approximately $4. I million. Processing of 421 shipping orders was completed. This 
included major loan agreements of equipmefit to PPPL, the Massachusetts Institute of 
Technology (MIT), and TRW, Inc. The group assisted in implementing special procure- 
ment for the Japanese and Swiss site representatives to the CCP. 

12.2 ENGINEERlNG SERVICES 

The Engineering Services Group coordinates all engineering work performed in the 
division. This includes providing or directing the ernginaxing for all nonprogrammatic 
work, coordinating maintenance and machine shop work, supervising the inventory and 
storage of materials, and coordinating telecommunications. The group also C I V C ~ S ~ ~ S  all 
General Plant Projects (GPP), Multi-General Purpose Facilities (MGPF), and Line Item 
and General Plant Equipment (GPE) improvements. In  addition, the group is  responsible 
for maintaining building facilities and planning future facilities. Some highlights of the 
1984 activities follow. 

1. Completed ~ n ~ ~ ~ e e ~ i n g  and bidding and awarded a fixed-price contract on the con- 
struction and installation of a new cooling tower and heat exchanger (MGPF). This 
will improve the reliability of the demineralized cooling-water system in Bldg. 9201 -2. 
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2. 

3. 

4. 

5. 

6. 

7. 

Completed design, awarded a contract, and completed installation of instrumentation 
and controls on a demineralized cooling-water system for Bldg. 9204-1. 
Completed design and awarded construction (to Rust Engineering) of the electrical 
upgrade (MGPF) of the Bldg. 9201-2 facility. This consists of adding an additional 
50-MW transformer, connecting line 2 (161 kV) from Elza switchyard to a new 
transformer, installing new switchgear, and connecting heavy pulsed loads to new 
switchgear. This will increase available power to Bldg, 9201-2 and improve the relia- 
bility of the overall electrical system. 
Completed hookup of the broadband video-data link to Idg. 9201-2, Bldg. 9204-1, 
and the FEDC building. Internal wiring has been completed in the FEDC building 
and is in process in Bldg. 9201-2. This improves both computer and audio-video corn- 
munications between X- 10 and Y-12 and within division facilities. 
Continued to improve general appearance of division building by adding new entrance 
to Bldg. 9201-2, installing new tile in hallways, painting selected areas, an 
to remove obsolete equipment from buildings, 
Assisted in the installation of three coils for operation of the International Fusion 
Superconducting Magnet Test Facility. This involved the coo ination of engineering, 
maintenance, and shop fabrication and required following these areas on a daily basis 
until the facility was ready for the three-coil test. 
Shop fabrication consisted of 147 jobs requiring 25 work-years of effort at a cost of 
approximately $2 million. This work was placed in shops at ORNL, Y-12, and the 
Oak Ridge Gaseous Diffusion Plant (ORGDP). Several small jobs were placed outside 
in local shops. This does not address the large fabrication efforts on LCP os the 
Advanced Toroidal Facility (ATF), which were awarded through purchase orders to 
outside vendors. One of the largest efforts was the rework of the General Electric 
Company coil, which was completed at ORGDP shops as described in  Chap. 7. 

12.3 FINANCE 

The Finance Office, a functional part of the Management Services Section, provides 
financial management support for division administrative, engineering, and research per- 
sonnel in areas including budget preparation, cost scheduling, and variance analysis. This 
office also provides meaningful and appropriate accounting and cost control. Interaction 
with division management is an essential part of administering the budget, accounting poli- 
cies, and procedures. 

Table 12.1 and Fig. 12.1 show the funding trends for the Fusion Program. Funding of 
this magnitude creates a need for great efficiency and continued improvement in the 
specific areas of financial control. In this spirit, the Finance Office must continue to 
develop innovative techniques to meet the growing and changing financial needs of the 
division. 

12.4 LIBRARY 

The Fusion Energy Library, along with other branch libraries in the ORNL Library 
System, introduced its computerized on-line catalog and circulation system, the Library 
Information Online Network (LION), in December 1984. LION replaces the traditional 
card catalog and provides a new approach to using the library’s resources. 
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Fig. 12.1. Fusion Program expense funding (B/O). 

Patrons can use LION terminals in the library to retrieve information about b 
journals, and recent reports in the entire library system. The system gives the !.mation of 
the work and whether or not it is on the shelf. The data base can be searched 
title, subject, report number, keyword, and other identifiers. A tutorial brochure, 
to Using LION,” is available at each terminal, and Library staff are helping 
the new system. Remote access to LION should become available in 1985 
users to access the data base from any terminal using ”System Select” or a di 

The library continues to offer traditional services, including on-line lite 
and assistance with references. The amount of on-line searching increased ~~~~~~~~~~~~~ in 
1984. The library has also been working closely with the fusion specialist at 
of Scientific and Technical Information to improve the coverage and awur 
literature in the DOE RECON Energy Data Base. 

12.5 PUBLICATIONS OFFICI;: 

More than 43,400 pages of reports, articles, conference papers, and grays&.’ nlGS were 
edited, composed, drawn, and processed in the division publications office during 
editors, compositors, and graphic artists processed nearly 193 pages each wo 
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(based on an average 225-day work-year). As shown by Table 12.2, this collective effort 
arnoiinted to more than 25,O work-hours, including 1,143 overtime hours (mostly con- 
tributed by the graphic arts and coinposition groups). 

The publications office handled 362 separate jobs (Tablc 12.3) from division authors 
during the past ycar, including journal articles, conference papers, reports, presentation 
posters, full-color renderings, and viewgraphs, and cleated 2 15 abstracts, 

The eon~positian (word processing) group in the publications office has continued to 
makc efficient use of the IS/1 UNIX' Text Matiagemefit System instituted in the office in 
1582. The system includes a TEDI-to-UNIX conversion program that allows transfer of 
files from division computers to the Publications Office for on-line e iting, word process- 

ts (GA) group produced more than 2100 new original drawings in the 
past year (Tablc 82.3); the total vol me of work processed by the group was over 18,600 
units [including Inore than 12,400 camera (Pos) copies]. 

The computer graphics program brought into full. use in thc last half of 1583 has con- 
tinlied to increase the efficieancy of the GA grsup. During 1984, the illustrators produced 
508 publication-quality drawings and visuals using the: MAPPER program. [Jsing the Tek- 
trsnix equipment a 4054 terminal and digitizing tablet, a 41 14 terminal and digitizing 
tablet, and a 4631 h a r d - ~ ~ p y  unit for proof copies-the illustrators scnd raw, digitized, or 
cnha~cecl data to the FR80 camera for final black-and-white or color output. Color slides 

Service 
p;PgGS'I 

Work- 
hours 

Graphic arts 5,399 1 1,054 

Proofreading 14,41Sb 934 
Editing 5,158 4,331 

6,299' 8,208 
Makeup 2,272 346 
Quality assurance 9,275 230 

43,425 25,103 

--.___- 

~ 

""Ser~ice pages" indicates the totall number of pages han 
functional group (e.g., editing). Pages corrected or reprocessed as a result 
of publications office error are not counted I ~ O K  than once. 

bAbnorinally large figure results from addition of proofreading pages 
from a two-year project con~pleted in the summer of 1984. 

cAboant 90% of the service pages in the composition category were 
first converted from 'TED1 to UNIX by the publications office cornpsi- 
tors. 



Table 12.3" Volu e ob ~ ~ ~ l i ~ ~ t i ~ n  services 

Publications' 
Graphic arts 

Drawingsb 
VisualsC 
Camera (POS) copies" 
latherQ 

577 

3,042 
551 

12,46 1 
2,552 

"Number of jobs prxessed, without regard b size of job; includes 215 

bIncludes original and revised 
"locludes original artwork for view graphs and slides. 
d~nc~udes  glossy prints and view graphs. 
Zlnctu$es posters, poster titles, signs, report covers, nameplates, diazo, 

abstracts cleared through the work reception office. 

ehc. 

can be made very ~ n ~ ~ ~ e ~ s i ~ ~ ~ ~  on the F: 
viewgragbs). 

(for less thzn the cost of black-and-white 

"UNIX is a tradernark of Bel1 L,abor:itories. 

12.6 SAFE=, ~~~~~~~~Y PLANNING, AND UALfPa! ASSURANCE 

~~~~~~~~~ ~~~~~~~~ 

The division safety program cluded monthly safety inspectiom by individual sections 
and quarterly safety inspections an independent inspection committee comprising the 
division safety officer, V-12 safety representatives, and V- 12 ~ a i ~ t ~ ~ a ~ ~ e  supervision. 
Monthly fire inspections were ~ ~ r o ~ m ~ ~  by pr sional fire inspectors. Six safety training 
sessions were held, at which attendance was rn tory for all division persoiinel. Two spe- 
cial safety meetings were presented, with emphasis on off- the-Job accidents and slips and 
falls. Emergency evacuation drills were conducted, and a ncw aIarm system was designed 
and installed in Bldg. 9204-1. Emergency training was continued, using American Red 
Cross instructors, to ensure maximum response to building emergencies. 

-2 Quality Assurance 

n's QA program continued to improve during 1984. Following the death of 
manager in an automobile accident, a search for a qualified replacement 
During the last quarter of 1984, a new QA manager and an additional 

QA engineer were hired. 
A audits were conducted at vendors' sites and within the division 

on specific projects. The Department of Energy conducted an audit of the division QA 
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program and made several recommendations for improvement to both the division and the 
laboratory. 
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ABBREVIATIONS AND ACRONYMS 
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