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The Fusion Program of Oak Ridge National ~ ~ a b o ~ a ~ o ~ ~  (0 
ional fusion program, enc 
ation among staff from 

private industry, the academic ~ ~ ~ ~ [ ~ u ~ ~ t y ~  a 
development of fusion energy for the futu 
are documented in this re 
Fusion Energy Division 
ponents external to the division ~ a ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ y  15% of the program effort), 

e 

e 

0 

e 

0 

e 

0 

0 

e 

e 

The Fusion Program comprises work in a number of areas: 

experimental and theoretical research on three ma 
tokamak, the stellarator, and the EL, 
engineering and physics of existing a 
development and testing of diagnostic tools 
assembly and distribution to the fusion e 
and radiation effects; 
development and testing of materials for fusion devices* 
development and testing of the ~ e ~ ~ ~ o ~ ~ ~ i ~ s  needed to 
development and testing sf ~ u ~ r c o n d u c t i ~ ~  magnets to contain fslsim plasmas; 
design of future devices; 
assessment of the ~ ~ v ~ r o n ~ e ~ t a l  impact of fusion energy; and 
assessment of the economics of fusion power. 

The interactions between these activities and their ~ ~ t e ~ r a t ~ o ~ ~  into a iinified ~~~~~~~~ 

fue% ClPsion ~~~~~~~~~~ 

are major factors in the suwess of each activity. 
these activities was a challenging one for the Fusion P r o p  
were completed and others underwent significant changes. 

in 1984, 3s some 

The Impurity dy Exlperimemt (BSX- slruk ~~~W~ in august 1984 after eight 
years of operation. 
completed in April, and from une through A u ~ ~ s t  an a 
to test a beryllium limiter db the Suint ~ ~ r o ~ a ~  Tor 
this experiment, efforts began to prepare the ISX- 
for use on the Advanced Toroidal Facility (ATF). 

physics issues is emerging and confirms our initial estimates of 
construction project continued on schedule and at cost, with IRO 

year's end. Detailed planning for the required facilit 

of the performance of ATF into the long-pulse 
next-generation ATF, ATF-11; and a proposal fe, 

aspect-ratio tokamak. 

B was carried out 

Work on ATF proceeded smoothly. An ~ n ~ r ~ ~ s i ~ ~ l y   eta^^^^ ~ ~ ~ e ~ ~ t a ~ ~ ~ ~ g  of the 

3jOF contracts Pet by 

A great deal of effort was devoted to advane 
state regime; the 
herical TOW Ex 

XY 



Divkicn staff collaborated w?h personmel from the Junta de Encrgia Nuclcar of Spain 
in defining a toroidal confinement expc riment, ‘TJ-11, and wcx assigned to Piiqc&n 
Plasma Physics Laboratory to w x k  on thc Tokamak Fusion Test Reactor (TFTK). 

The EBT rcscxch program i s  1984 strongly iciimforced the conclusions rcached in 
IC83 icgarding the :hi ts  011 pcr f~ :  inance of thc i 3 i d a r  bumpy %INUS configuration. 
€:G\~GET~ iilvestiga:ion of the ELMO BuiDF>- Squarc, (kBS) configirration l d  to piedic- 
ticas of much better confinmicnt conditions, and the RWS was shown to I1aee high potcn- 
ti;.! for de~~e!opment into a competitive fwion renctor. It detcrmined that the existing 
E31 device could be convntcd to an EBS in 18 mczths at a cost of less than $ 5  million. 
HOl.yC+Ci, these devclopmcnts w x e  not sufficient to sustain 1985 funding for the EBS pro- 
I., piam in thc face of redactions in the national filsinrl piogram A s  a rcsult, the pragram 

<“r’= ,,... ~ reassigned to other activities. Y: ir;s of EWS will continue %to 1985 with the aim of 
obiainilig 1986 funding 

1 % ~  activities af t i s  L4tomie Physics and Plasma Diagwstks Devckqmmt Program, 
which is s u ~ p s t c d  by the knsion Picgr2m within the OKNL Physics Division, are divided 

E ~ g c z h e n t a l  atomic collisions re.;e,nitch conccfiirates cn il-iiigioving t lx  basic 
1ir,&rstandiai$ of thc carqilsx collision pr . ~ X S S ~ S  involving partially ionized atoms at the 
r~lative!y !o”l kinetic cnergies characteristic of fusici? ?lasnac;, Daring 1984, sigsaificaiit 
piogrcss wcs inadc in thc undeistandiag of electroil-impact ionimtion. A new electron 
<,ydotion reso~9ancc soiirce af low-energy, highly charged ions was implcnrcnted and has 
coiisidcsably cxpanded the range of highly iosrked system availablc to in 
Con t i d l d  rasioz Atcmic Data Center c7m’;:Paaucd to provide bilikiogra 
pilatiom of atomic data to the fusion community. 

I he plasma diagnostics prcgzm zoncmdrated on developing steady-state, optically 
Film@ laser systems in the far infraicd. A five channel interf~:c:!lileteP/po\zsimePeP was 
surccssfully operated on ISX-61 The feasibility of pulsed COz laser Thomiason scattering ips 

a diage-ostic for fusion-pis ed alpha particlcs wm studied, and develespmirnent of this diag- 
i m t k  began. Thc Diagm P s d o p m e ~ t .  Center alvardcd a snhcmtract to the Georgia 
Institate of Icchnology for thc develoyom.c;,t of a diagmstic to mcasiire static aed time- 
vrryinrg clcrtric ficjds in 

i atomic callisions izszarch ai;b develcprr;eat of plasma diagws:ics, 

The gods of the plasma thepry effort, which concentratss on toroidal confinement 
thr’.o;y, are to understand, improve, and optimize thc confinement of plasmas for fusion 
icactnrs. The apxuach is to identify ciitical pmblems am2 then to i grate the neccssary 
plasma physics disciplines to solve them. Collaboration with ORNL experimental groups, 
university groups, aid the ;ntemationd fusion community is strongly exphasized. 
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'The Magnetics and Superconductivity Section and the Large Coil Program carry o;:t 
the development of supcreonducting coils needed to confine fusion plasmas through the 
Large Coil Task (ICT), an international collaboration betweer: thc United States, Japan, 
Switzerland, and the European Atomic Ernergy Commission. During 1984, three more coils 
were delivered to the International Ffision Superconducting Magnet Test Facility; shake- 
down of the facility was accomplished; and preliminary opcsstional tests WCK performed 
on three coils. In these tests, the 1J.S. General Dynamics coil and the Japanese coil were 
opcsated at full current, and thc Swiss coil was succeishlly cooled. Numerous rcscarch 
a d  development tasks were accomplished in support of the LCT, and work on advanced 
conductors and magnet technology also progressed. 

The Fusion Engineering Design Center act? the Fusion Environme;l,'?al Assessmeri+ 
Program carry out advanced system studies for the Fusion Program. 'The activitiec of the 
Design Center durirng 1984 included work on thc Tokamak Fusion Core Experiment, the 
Fusion Power Demonstration tar:deai-rnirror rextor  studies, a aad the Ignition Spherical 
Torus. The Design Center a1w devePoped 3 tandem-mirror system code, contributed to the 
Interfiational Tokamak Reactor effort, developed a data bass and incthodology fer evaluat- 
ing fusion costs, and assessed the availability of fusion reactors. 

The Environmental Assessment Program focused on elevelopirig the generic environ- 
mental impact statement for fusion. h revised preliminary draft prepared in 1984 ad- 
dressed issucs related to the place of fwiw power plants in the U.S. energy economy. 

Mateaisalls Research 

Materials research and development are carried out irr threc major task areas Alloy 
lkvelopment for Irradiation Performance (ADIP), Damage Analysis and Fundamental 
Studies (DAFS), and Special-Purpose Materials (SPM). Thr ADIP and DAFS p~ograms 
are concerned with understanding the mechanisms ii~volved in P adiaiion damage and corro- 
sion, providing the information on materials fieeded to design near-term fusion devices and 
to study fiision power reactors, and developing a soaiid basis for dcvelspment of materials 
for fusion. 

In the ADIP program, research on austenitic stainless steels has focused on dcvelop- 
rnent of microstructures that are $table at high temperatures to high irradiation damage 
leve!s. Exploratory research began in 1984 on nraiaganese-stabilrzed austenitic stainless 
steels. Research on vanadium alloys showed that thc resistance of these alloys to helium 
embrittlement can be improved through further alloy elcvclopmcnt. Studies of the effects of 
doping ferritic steels with small coneeatrations of nickel show that the basic netaliurgkd 
response of the tcmpered martensitic structure is retained. COII osion studies address the 
compatibility of materials used for structure, coolant, and brecders and the mechanisms of 
corrosion and mass transfer. 

- 
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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. 

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 facility will produce temperatures and irradiation conditions similar 
to those at the magnets of a fusion reactor. 

Neutron Transport 

The neutron transport program carries out both experiments and analyses. The experi- 
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- 
grain supports the design of the experiments and compares calculated and experimental 

ork is also performed in the areas of nuclear data evaluation and cross-section pro- 
adiatiora Shielding Information Center supplies a broad range of services to 

the fusion community. 

agnetic Fusian Reactor Analysis 

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 that the cost of fusion power will be close to that of 
fossil and fissiora energy if certain physics and technology requirements, which represent 
only a moderate advance over present achievements, are met. 

The many achievements summarized in this report clearly illustrate the diversity of 
these activities and the strengths of the Fusion Program. These contributions were formally 
acknowledged with the presentation to the Fusion Energy Division of the ORNL Director’s 
Award in recognition of outstanding accomplishments in 1984. 

0. Fp. Morgan 
Director, Fusion Energy Division 

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

J. Sheffiekd 
Associate Director for Confinement, 
Fusion Energy Division 
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J. Mathw,  M. Murakam;, J. K. Munio, Jr., G. H. Ncilson. V. K. Pard, 
S. D. Scott, I).  J. Siginar. C. E ‘II~ornas, R. M. Weland,  W .  R. Wing. 
and K T;, Yokoyama 

Opposed-beram iiijrctioa experiments, in which the IkIOnierptiJRl and P O W C ~  iriputs are 
csiitrolled izdep-,ndently, arc dcscrihed This has facilitated a study of the effect of 
momentum SQULRS on plasma propertie?, “l‘hc noment~im input is distinguished by a toroi- 
dal rotation velocity and a radial electric field. The globs1 confinement properties of 
monentum, particles, and energy have been determined as the bemi direction (with 
respect to the plasma current) is changed from co-injection through balaixed injection to 
counter-iwjcction Global energy confinement times are unaffected by changing the 
momentum source, and thus by both toroidal rotation velocity and radial electric fields, in 
a gettesed vacucm vesse!. Thc deterioiation of cocfiaaement with increasing beam power, 
previously observed with ccr-injection, is still present with balcaaced injection. A n  exam2na- 
tion of radial profiles of plasma parameters shows the dominant loss to bc electron conduc- 
tion with both co-injection and balanced injection. Although glob21 energy confinement is 
anehangcd, large differcnccs in particle bekuzvisi, for both working gas and impurities, 
have been absc;.;ed as the momentum is clianged These observations suggest a link 
betwE.ec rotation, electric fie!?s, and partick confmcment. 

M. Murakami, P. H. Edinaonds, G. A. EIalBock, R. C. Isler, R A. I,ararus, G. 13. Neilson, 
A. J. Wootton, 1. D. Bell, C. E. Bush, A. Carnevali, 8% A. Carreias, J. J,. Dunlap, 
A. C. England, W. L. Gardner, I<. L. Hickok, €1. C. Nowe, D. 1’. Hutchinson, 
W. C. Jennings, R. R. Kinddather, K. A. Langley, C. M. Ma, J. Mathew, 
P. K. Misduszcvski, J. K. Muiiro, Jr., V. K. Park, M. 9. Saltmarsh, 
S. D. Scott, D. J. Sigrnar, M. C. Simpson, C .  E. Thomas, W. M. Wieland, 
W. R. Wing, and M. E, Yokoyama 

confinement studies on the Impurity Study Expzriment (ISX-B-?g have been directed 
at understanding thc mechaiiaisms governing the confinement in neutral-beam-heated plas- 
mas. These studies have focused on two main aieas: (1)  the. effects of toroidal plasma rota- 
tion and electric field on confinemep t and (2) confinement improvement with deliberate 
introduction of some low-Z impurities (”Z-node”). In the first studies, the naoaneriturn 
input w~ controlled independently of the energy input using opposing injection systems. 
Mensuremcnts of the space potential using a heavy-ion beam probe (HIRP) showed that, 
as the injectian direction is changed from counter-injectiaa;. to balanced injection to GO- 
injection, the negutive potential well becomes shallower, as expected from the momentum 
lbzlance, bascd on the ohserved changes in toroidal plasma rotation. The particle confine- 
ment of both bulk ions and impurities is correlated with beam directivity, potential, and 
rotation velocity. However, both global and electron energy confinement are unaffected by 
changing the. monnenturn input. The Z-mode studies have shown that the dditseratt: intrs- 
duction of recycling l o w 2  impurities (~vhebhcr externally injected or intriasic) improves 
global energy confinement times (T;.) by a factor of up to 1.8 over those predicted by the 
standard ISX-B scaling, whic~ w s  developed from and accurately represents T ;  in clean, 
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gettered discharges. Additional benefits of the impurity injection are improved particle 
conhement,  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-kI-Iz) magnetic 

fluctuation &/Be without changing the fluctuations 3,Jne. The confinement time ina 
ment, which increases linearly with ife, results primarily from reduction of the electron 
thermal diffusivity (x,). The reduction of xc is consistent with the prediction of a resistive 
ballooning mode theory, which includes diamagnetic effects. 

1.1.1.3 Abstract of Tonfinement in Beam-Heated Plasmas: The Effects of 
LOW-z ~mpur i t i e s~~  

E. A. Lazarus, J. D. Bell, C. E. Bush, A. Carnevali, B. A. Garreras, 
J. L. Dunlap, P. W. Edmonds, A. C. England, W. L. Gardner, 6. A. 
J .  T. Hogan, H. C. Howe, D. P. Hutchinson, R. R. Kindsfather, R. C. lsler, 
R. A. Langley, C .  H, Ma, 3. Mathew, P. K. Mioduszewski, M. Murakami, 
V. K. Part?, D. J. Sigmar, C .  E. Thomas, R. M. Wieland, J. B. Wilgen, W. 
A. J. Wootton, and K, E. Yokoyama 

Confinement studies on ISX-B in beam-heated plasmas contaminated with small 
quantities of low-2 impurities are reported. Experimental results on the correlation O€ par- 
ticle and energy confinement are presented. A linear relationship of energy confinement 
and plasma density i s  observed. As density i s  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-8 operating space. 
Impurities other than neon (carbon and silicon) have been tried 2nd 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 (&/B@) but not with the density fluctuation 
level (E&,). The experimental results are compared with models of drift-wave and resis- 
tive ballooning turbulence, and an explanation is 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 ISX-BW4 

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

The ISX-€3 data base from which the energy confinement time scaling T - ~  oc 
I;/’P< 2/3 was derived for neutral-beam-heated discharges has been enlarged. Wow 
included are results obtained using a nongettered vacuum vessel and different minor and 
major radii. Energy confinement times improve, and a density dependence is introduced, 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 -26; 
cm) has been made. The correlation between radiation level and confinement is always 
found. No dependence of energy confinement on minor radius i s  found. The confinement 
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changes associstec? with wall conSitions and radiation ievcls can be reproduced mifig a get- 
tescd vessel and smaU plasma position displacements In pariiculai , outward radial dis- 
placemcnts to?yard a limiter at thc outer equator iinpiove confinemc-n: In this case, any 
radiation incrcase is sinall. 

Studies of magnetohydrodynamic (MI ID) fluctuations in beam-heated plasmas have 
bezii continued, using an array of 1 2 high-frequency Mirnov coils distributed poloidally 
and toroidally o;i the outside wall. Previous observations have shown that the amplitudca of 
the (ti? - 1, r3 - 1 )  mode and its harmonics arc nnO correlated with cowfinement 
IEowcber, thc f r e q u c q  spsctrrnrn of signals from the high-frequency coils also includci, in 
addition to the peaks from thc low-m, low-n modes, a continuous componcnt that extends 
at lewt to o i ~ r  ~ ~ ~ a x i i ~ l ~ t i ~  analysis frequcncy of 250 kHz. We find that the arnplitcde of 
this conipncnt does appear to be correlated with confincment. 

As an exammyk, Fig. 1.1 shows the frequency spectrum of &/So for oiherwisc siailar 
beam-heated plasmas with and without neon injection. In PSX-5, neeri injcciioe has been 
found to eirhance confinement significantly,6 as can bc sccn in Fig. 1.1, it also ieduces the 
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separation is especially fast and leads to the conclusion that the observed magnetic fluctua- 
tiom must occur in the outermost few centimeters of the plasma. 

J. Mathew 

Plasma potentials have been measured for the first time in neutral-beamheated 
tokamak discharges, ltadial potential profiles have been cibtained 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 momentum balance using experimental values 
of rotation velocities, density, and ion temperature, 

The measurements were made using an HIBP, with typical plasma conditions of I ,  = 
150 kA, BT 12.3 kG, Ee 4 X and Yb = 0.9 MW. A negative potential 
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decrease QE a factor of 2 was obsrved in ohmically heated ischarges with elongated plas- 
a1 density traces with and without pumping, with plasma parameters sf Ip = 

r = 1.4 T, and Pb = 1 MW, are shown in Fig. 1.6. Exhaust rates up to 
4 torr. L/s were observed, and the exhausted ux over the total ux in the scrapeoff layer 
was determined to be 5- 8%. 

Preliminary experiments on impurity (nitrogen) injection in led that the total 
radiation was slightly seduced when the pump limiters were activ Spectroscopy data 
show that the central nitrogen radiation is not much affected, but the edge radiation is 
strongly reduced by the pump limiters. 

OH 

50 

40 

cn 

30  2 
L L 

0 
c 

20 

10 

n 
0 50 100 150 200 250 3 0 6  

( U )  TIME (ms)  

4 20 

.- 
15 5 

I O  ; 
L 
L 

t 
0 

5 

0 
0 50 100 ( 5 0  200 250 300 350 

( 6 )  TIME (ms)  

Fig. 1.6. Plasma density before and after activation of the limiter 
pumps at constant gas flow rate for (a) ~hmically heated and (b) kam- 
heated discharges, 
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ping with chromi 

P. K. Mioduszewski, J. E. Simpkins, P. I I .  Edmonds, W. A. Gabbard, Ha. C. Isler, 
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 wall. This makes it compatible with t r i t i ~ m  operation. 

To test chromium gettering in ISX-B, two getter sources, separated toroidally by 
about 180”, were installed in the torus. The sublimation rate was chosen to be 0.1 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 thc torus is estimated to be 70% with a film thickness of 
1-10 monolayers and about 5% with a coverage sf 10-100 monolayers. From an opera- 
tional viewpoint, chromium gettering was very convcnient. W W e  titanium sources must be 
outgassed and conditioned, s~met i ines  for several hours, outgassing of the chrornium balls 
was negligible. Only 5 rnin into the getter cycle, all impurity gases (1120, N2, CO, etc.) in 
the residual gas were reduced by factors of 3 5 ,  and after a full getter cycle o f  30 min, all 
such impurities were reduced by almost an order of magnitude. 

After chromium gcttcring, the total radiation from the plasma was strongly reduced. 
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 reduction of 
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tering, (W = 1.4 T, Zp = 1 14 kA, Ce = 4 X 
lOI3cm ’, Pb = 1 MW, qd - 3.)  
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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 adjustments of the gas puff between 
shots, a procedure called “ungettering” has been established in ISX-B. It involves puffing a 
large amount of hydrogen into the torus to saturate the titanium, thus reducing the hydro- 
gen pumping speed to a tolerably sniall 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 tbis, Fig. 1.8 shows the line-averaged density, normalized to the gas flow rate, 
as a function of shot number before 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 
merely interrupt tokamak operation for about 30 min. I t  is assumed that this increased gas 
flow rate i s  necessary to establish an equilibrium wall loading. In comparing individual 
shots before and after chromium gettering, the same line-averaged density i s  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 1014 cm-3 was achieved. 
As indicated in the Hugill diagram in Fig. 1.9, this is the bighest density observed in 
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Fig. 1.8. Line-averaged density, normalized to gas flow (4 is the gas 
ow rate), as a function of shot number before and after chromium getter- 

ing. 
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Fig. 1.9. Operating space in ISX-B wi$h grthercd torus, The main data base was obtained 
with titanium getteilng [A. J. Wootton et al., "Gettcring in 1%-B," J. Nucl. Mater. 11 1 & 11 2, 
479 84 (1982)l; only the maximum density obtained with chromium gettering is shovn. ("1 beam" 
corresponds to an injected power Pt, = 1 MW.)  

ISX-B. Ht corresponds to a Nurakami parameter of 11  at q+ = 3. Thus, the expansion of 
tlec operating space after chromium gettering is similar to that after titanium gettering 
without the disadvantage of increased gas flow. 

Chromium gettering has been proved to be an efficient rr~ethed of surface pumping in 
tokamaks. The impurity control capabilities are excellent and comparable to those of 
titanium The hydrogen uptake is reduced to mcnolayer quantities on the surface. The 
expansion of the opcratiag $pace is similar to that seen with titanium without the disad- 
vantage of strongly ilicxascd hydrogen fluxes. Possible applications of chron~ium gettering 
include impurity control in contemporary tokamaks, surface pumping in short-pulse devices 
that bum dcuteriua~-'Lritinn (D-T) to minimize tritiilrn inventory, and wall conditioning of 
future large inac hines before opciat ion. 
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and finite circuit resistance. T e $gistem U S ~ S  a 1 Q - k I l ~  driving voltage, w h i ~ h ,  together 
with analog filtering o€ the carrrcnt, allasws ~ ~ e a ~ u r ~ ~ ~ ~ n ~ s  of electrorl temperature (2 eV < 
re < 40 e ~ )  and electroo density ( 3  x ~ r n - ~ ) ,  Electron den- 
sity calculations incl. ude corrections for magnetic field effects, probe potential, and finite 
sheath thickness Fluctuation Bevels can be deduced from the frequency structure between 
the "sarmonics of the driving frequency, It &as proven necessary to correct far these fluc- 
Pna tlcsn Bevels in the calculat io of both 

peiidicular to the wall and fluxes parallel to the larniter., 

cm < ne < 2 x 

re and ne.  on coefficients are estimated 
the limiter Pace, taking into account fluxes pes- from the decay lengths measus 

Experiment;xl results obtained 01-1 ISX-B show that there are no significant tempera- 
radients along the field Bines. However, ~ a ~ ~ ~ ~ ~ ~ ~ ~ s  of E 
ensity, which n93y be due to the IwaP recycling eff'ects, 

etess when neutral beam heating i s  iiaitiated arc evi ent. In particular, ahc results show 
that the siecsity decay lengths increase dramatically during the ~ ~ a ~ - ~ e ~ t e ~  phase of the 
discharge, ~~~~~~~~~ an increase in particle ~~~~~s~~~ The direction d beam injection plays 

inemeast, especially if the recycling at the limiter 
surface changes with beam direction. ranmeters 111 tBm~ scrapoff vary linearly with the 
central l ~ ~ ~ - ~ ~ e r a ~ ~ ~  electron density, showing wme evidence of saturation in the parallel 
particle flux at high densities. Parameters measanred at the limiter demonstrate the effects 
of plasma plugging. ifferences between high and low energy confinement regimes are also 
evident at the plasma edge. easurements made during fueling studies with the pumped 
limiielr are used to deternain ~ ~ ~ ~ ~ t ~ t ~ ~ e ~ ~  the exhaust efficiency caf the limiter. Finally, 
data taken during pellet injection experinaents help 8 0  

ticlo i a i  the scrapcoff Bayer in ~ e ~ ~ ~ - ~ ~ ~ t e d  discharges. 
edermirae the role of fast-ion ahla- 

duszewski, P. HI. 

'The ~ e ~ ~ ~ l i ~ ~  limiter experiment, a ~ ~ l ~ ~ ~ ~ ~ ~ a ~ ~ o ~  between the Joint European Torus 
(JET) arid ORNL., was performed under ontract with the JET Undertaking. The objec- 
tives of the experiment were ( I )  to stu y the performance of beryllium as a limiter 
material, (2) to investigate the plasma characteristics with a beryllium limiter, and (3 )  to 
gain experience with ling berylliirm in a toksaxiak ~ ~ ~ v ~ r o n i ~ ~ e n ~ .  

Phe experiment specified for a deuterium fluenee of sbout ions/em2 to the 
ischarges with a ngle beam line at 
er flux of 2.5 k /cm* for 0.2 s of 

. This corresponded to 3000 beam-heated 
W. 'The limiter test was dcsigned for a p 

neutral beam injection (NH-41). The corresponding surface temperature rise 
discharge. The base temperature of the limiter was kept between 2@0 an 
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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 berylliiim limiter in the tokamak is shown in 
Fig. 1.10. The top rail limiter consisted of a rnovable 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 tilc was slotted to relieve surface stresses. The figure also shows the visible spectrom- 
eter viewing the limiter. A photograph of the limiter after installation in the tokamak is 
shown iti Fig. 1.1 1. 

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

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

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

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 after the surface 
morphology was drastically changed by heavy melting. 

The powel- deposition at  the limiter turned out to 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 change in plasma current by 50% affected the total 
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ORN L-PHOTO 6908-85 

Fig. 1.11. Tbe berglli.m limiter imtam io ISX-B. 

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 curtent 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 COlfeSpOllCled to a peak power flux of about 
2.5 kW/cm2 and a surface temperature rise of 6QOOC. The labels "ug" 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 em for ohmically heated discharges and 1.5 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 1, 7 153 kA in beam-heated plasmas, the peak power flux was 4.5 kW/cm2. 
At this heat flux, the surface temperature rise was 1000°C. Aftcr 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. 



1-21 

After characterization of the operating space and the impurity content under various 
conditions, an extended test was conducted to expose the limiter to a deuteriwn fluence of 

ions/cm2. About 2400 shots were fued at low plasma current (116 kA), an injected 
neutral beam power of 0.8 MW, and a nominal power flux of about 2.5 kW/cm2 to the 
limiter. Due to the high surface roughness induced by melting during high-curreat opera- 
tion, melting and evaporation still occ~~rred at protrusions and soliNied droplets. This 
caused enough evaporation to continuously getter the vamw vessel with limiter material 
throughout the flumw test. Figurc 1.13 is a photograph of the limiter surface after the 
experiment. Although the surface was hvily’damaged, the performance was as good as 
with the new limiter, with the added feature that the surface roughness caused the irrever- 
sible getter effect. 

In the premelting phase the plasma was dominated by the liiht impurities oxygen, 
carbon, and nitrogen, at mncentratims of about 1% each. The vduc of Za under these 
conditions was about 3. The beryllium content in the plasma was 0.1%. With high-currcnt 
operation and limiter evaporation, the beryllium content in the plasma increased to about 
6%. The light impurities were effeGtively gettered, and the total radiation decreased by 
more than 50%. Figure 1.14 shows the oxygen and beryllium radiation before and after 
gettering. In the third phase of operation (Le., evaporation at hot spots only), the beryllium 
content d e c r d  by a factor of about 2, but the impurities were still effectively gettered. 

The plasma performance in ohmically heated discharges was comparable.to the per- 
formance with TiC-coated limiters in ISX-B. For bcam-heated plasmas, the three phases 

ORNL-PHOTO 6536-85 

Fig. 1.13. The limiter d a c e  after the expdnuw, 
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of operation must be distinguished again. With injected power to 0.82 MW and low 
plasma ~urrent  (1  17 M), the power to the limiter was about 2.2 kW/cm2. At this power 
flux the plasma performance was comparable to previous data obtained with TIC limiters. 
The plasma radiation was dominated by light impurities from the wall. 

At high plasma currents (150 kA), power fluxes of 4-5 kW/cmz were measured at 
the limiter, leading to surface melting. With limiter melting during every shot, plasma 
operation was possible but not very reproducible. The radiated power decreased from 
about 300 kW to 150 kW at a constant input power of 1 MW. Maximum densities were 
9 X l O I 3  crnp3, and energy confinement agreed with the phenomenological ISX scaling 

In the third phase of operation, with average power fluxes below 2.5 kW/cm2 but 
with beryllium getbering by evaporation at hot spots, plasma operation was quite repro- 
ducible. The beryllium coiltent was still about 296, and low radiation indicated gettering. 

found far gettered discharges: ,is' = o . 0 0 5 1 ; ' ~ ~ ~ ~ ' ~ .  
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Under these conditions about 2500 reproducible shots were fired (fluence test). At a 
plasma current of 116 kA, with well-gettered walls, a maximum density of 1.3 X 
cmW3 was achieved. Confinement was according to ISX scaling with gettering. Cooling of 
the plasma edge by impurity injection was demonstrated by puffing about 1% neon into 
gettered discharges. This reduced the energy to the limiter from 86 to 56 kJ, as shc.;-?n in 
Fig. 1.15. 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 .Z makes contributions to the plasma radiation negligible, even at high con- 
centrations. The thermomechanical properties are good. A potential disadvantage is 
beryllium's low melting point (compared to graphite), because power excursions, for 
example in disruptions, cannot be totally avoided. However, the fluence test on ISX-B has 
shown that even with a heavily damaged limiter, thousands of  reproducible discharges can 
be performed. 
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P. H. Ednionds, G. R. Dyer, A. C. England, W. A. Gabbad, W. L. Gadnes, 
M. M. Menon, J .  A. Moore, C. C .  Tsai, T. F. Rayhurn, W. J. Rcdmonli, 
J. L. Yarber, I,. A. Masseangdk, V. D. Latham, 6). IIatA, i. D. Bagwell, 
D. 1,. Coppecger, E. T. Blsir, D. E. Greenwood, W. R. Wing, 
C .  W. Stewait, D, .I. Webster, R. E. Wysor, J. E. Warwick, 
IJ. P. kickliter, J. J .  Schmidt, and J. 1,. Ping 

The first thrcx months of ISX-B opez-tion in 1984 were devotcd to the Department of 
Lnergy (133C) program. The tokamak was then shut down for two mor~ths while the 
modifications a d  installation necessary for the bcryllium limiter experiment werc com- 
pleted. This expcriacnt was completed in three months, and in ,august 1984 the tokamak 
was shut down for decontamination and disassembly. 

The xajor emphasis of the yeas, a d  the final experiment on LSX-B, was the beryl- 
lium limiter experiment, whicll consistcd of thc design and constiliction of a beryllium lim- 
iter and tiir. operation of the facility to evaluate the limiter's effects. I'hese arc described in 
refs. 12 14. Figure 1.16 shows thc time history of the bcryllium limiter experiment in the 
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where the syna~o~s have thc ~ ~ n v ~ n t ~ Q n ~ ~  na~anings . '~  ecause of the health and er,viron- 
mentai hazards associated with the use of hery Iiuni9 a safety analysis report, including 

ng safety r e ~ ~ i r e ~ ~ n s s ~  was ~ y r ~ t t ~ ~ ~ ~ ~  
II c ~ ~ ~ ~ ~ ~ t ~ $ ~ ~  of the ~ ~ p e r ~ ~ ~ e ~ & ,  the device was progressively disassena 

for berylliuna3 ~ ~ ~ ~ t a ~ ~ ~ ~ ~ ~ ~ ~ ~ .  Compnents were classified into one of three c 
The f i rs t  category consisted ~f material that was known or suspecte 

~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  such as the main vacuum vessel, the punsping xnanifold, a 
ents that showed some ~ o n t a m ~ ~ a t ~ o ~  o 

system with its inst 

e$ ~ o n t ~ ~ i ~ ~ t ~ o ~  or were expected 10 
might be reusable. Typical members 

of being confamin ere not identifie as having any future 
Thornson scatteri 

e "-12 toxic Waste Site. 
The second category consisted 

~ a ~ ~ ~ a t e ~  but were of consi 
of this category 
were double bag 

ation gate valves for the beam lines a 
as contaminated, and storcd. If they if 

the cost of ~ e c ~ ~ ~ ~ ~ ~ ~ ~ a ~ ~ ~ ~  will be compared with replaceaxacnt cost la 

e third category ~ ~ ~ ~ ~ i s t ~ ~  of items that showed no sign sf: beryllium ~ ~ ~ ~ ~ ~ ~ ~ a ~ ~ o n  
and were not in line of sight af the discharge. FOP this category, "no sign of contamina- 
tion" implies less than 69 1 pg of beryllium per sample wipe, taken over as large an 
exposed area as practical. hese items will be carefully rechecked for beryllium ~ o n t ~ ~ ~ n ~ .  
&ion using damp or acidic wipes and, if no ~ o n t a m ~ ~ a t ~ o n  i s  obset t ~ ~ r Q ~ ~ ~ ~ y  flushed 
with distilled water and returned to open storage for reuse. This category includes a,ll the 
ttrrbopumps and associated vacuum plumbing, the beam lines, and external diagnostics 
sucb as charge exchange and spectroscopy. 

11, E. T. Blair, D. E. Greenwood, K. L. Kannan, and K. A, Stewart 

ata system highlights from 1984 include the following: 

0 Complete ~ Q n v ~ r s ~ ~ n  of the remaining parts of the BDP-11-based data system to the 
VAX-based system (including a VAX implementation of the ~ i g ~ t ~ ~ ~ - ~ ~ ~ V e ~  opera- 

~ ~ i ~ ~ ~ ~ ~ e n t a ~ ~ o ~  of an on-line data compression system that reduces the volume of 
data transmitted to the PDP-10 (and the time required to transmit it> by a factor of 
24. 
Routine use of the VAX-based waveform generation system to drive the gas feed and 

tions display). 
0 

Q 
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* Installation of network access port (NA19) hardware on VAXl to allow this machine 
to function as a User Service Center host on the National Magnetic Fusion Energy 
Computing Center network (MFEnet). 
Installation of a (ZMS laser printer 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 development was minimized. IQowcvcr, a number of ongoing proj- 
ects were completed, allowing the conversion of the data system from PDF-1 1s to a VAX- 
based system. The result was that the data system was able to support the beryllium lim- 
iter experiment in a unified, self-consistewt way with a very low level of attention and a 
very high level of reliability. 

The largest single conversion project was rewriting the opcrations 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 associatcd software, 
This system was originally implemented on the PDP-lls in FORTRAN. In order to pro- 
vide better support for the elaborate data structures necessary, it was decided to rcvuite 
the software in PASCAL for the VAX implementation. ‘This task was completed in early 

In early spring, the convessiopn was complete except for one key element: on-line data 
compression software to reduce the data transmission time to the PDP-10. Without this 
reduction, 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 
operation. 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 failcd 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. ’I’he complete switchover was 
made in less than a day. No data were lost, operation continued, and the PDP-11 system 
was decommissioned. With this change, the data system became coin letely VAX-based, 
and the problems associated with trying to provide maintenance for two operating systems 
disappeared. 

A system developed h a  1983, the waveform generating system, which received some 
use in 1983 for driving the gas feed, 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. ‘“he software provides “waveform editing” (with both graphical 
and numerical user input), a waveforni “data basen of previously used waveform, and the 
ability to scale the waveform generator’s output range. ‘I’he number of channels of output 
was expanded in 1984 from one to four. These channels were used for driving the gas feed, 
an impurity feed, and the plasma position and plasma current power supplies. The net 
result of all this work was that the operatism group was able to support the beryllium lim- 
iter experiments with a smaller operating staff (two people) than had ever run ISX before. 
The VAX system alloaved automated operation to an extent iiever previously possible. 

shelved to await the rest of the conversion. 
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Three final items of interest concern the ~ n s t a ~ ~ ~ t ~ o n  of h 
ware was installed on VAXI. This hardware allows t 
host (its node name is ATF); in a ~ d ~ t ~ o n ~  it ~rovides 
and the MFEnet and allows the Oak dge personnel on tempora 
ton to have much better access to the usion Energy Division V 
of the codes and data they need are located. Second, late in th 
printer was installed wi software to support production of h 
and graphics. Third, an %C-50 (disk-cluster controller) was in 
2.5 gigabytes of disk storage. 
represent the ultimate storage point for ATF data. 

1.2 THE ATF PROG 

Tbe long-term goal of the Advanced Toroidal Facility (ATF) program at 
improve the toroidal confinement concept by ~ ~ ~ o n s ~ r a t ~ n ~  the principkes 
steady-state operation in toroidal geometry and by searching for an optimum 
netic confinement system. In the near term ~ ~ ~ ~ 7 - 1 ~ $ ~ ~ ,  the ATF experim 
access to the high-beta, second stability region and transport at low c o ~ ~ ~ s i v n ~ ~ ~ ~ ~  in &he 
presence of large field ripple and electric fields. 'These studies will cover a wide range u 
magnetic configurations, including a variety of plasma cross sectio~~s, nonplanair (helical 
magnetic axis, and stellarator features for s t e ~ ~ a r a ~ ~ r - t ~ k ~ ~ a ~  ~ ~ ~ ~ i ~ i ~ a t ~ ~ ~ ~ .  The. activil ies 
described in this section are all aimed at preparing for ATF ~ ~ r a t ~ o I i  in ~ c ~ ~ ~ ~ r  1986. 

Collaborative activities with other stellarator groups increased in ~ r ~ p a ~ ~ t ~ o n  for AT&: 
operation. This year ORNL hosted a .-Japan StelirPrator/HeliiPt 
experimental planning, actively gartieipat the research programs at 
sity Plasma Physics Laboratory'7 and th 
of extended foreign researcb assignment 
sity of Wisconsin. 

R. e. Goldfinger, J. E. Goyer, J. H. Harris, D. E, EIastings, 
R. L. Hickok, W. A, orris, J, 
J. A. Rome, and T. L. White 

oulberg, J. F. Lyon, 

ATF physics studies in 1984 concentrated on those arcas nee to prepare for ATP 
operation rather than on ~ ~ v e ~ o ~ ~ i e n t  of the ATF conce 

Magnetic field calculations emphasized ~ ~ t e r ~ ~ i ~ ~ a t i ~ ~ ~  of ~~~~w~~~~ error fields and 
field line lollowing for pump lirniter/dlivertor studies. Low-order resunant field perturhia. 
tions of and random field perturbations of can came ~ ~ ~ n ~ ~ i ~  island 
formation and serious deterioration of vacuum magnetic surfaces; thus, tential field ]per- 

turbations due to magnetic shielding on diagnostics and ion sources, ~ ~ ~ ~ ~ - ~ e ~ ~ ~ ~ g  n-0 

nets, high-current bus bars, and magnetic permeability (p) variations in the helical fi 
(WF) coil T-sections an in the structural shell were evaluat 
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Magnetic field linc calculations were done to cstimate thc connection length and 
chsrscteristic decay length in the scrapxff layer that arc needed for pu~vnp limitcr/divertor 
design. 'Lhc connection length i s  the total path length of a field line between the last closed 
flux snrfa'iice and flirt wal!. This parameter determines the number of limiters or diveatar 
targcts, Iii tokamaks, thz magnetic field structure outside the last closed flux surface is 
snrh t h a t  the connecticn lcogtl-1 corresponds to many toroidal revolutions. Ileaace, it is suffi- 
cic;;: to have a limiter at onc toroidal oi goloida! location to intercept the total diffusive 
partic!c and ermgy flux crossing 'he plasma boundary. Foi A'TF, ealculatioals of field h e s  
1 te connection lengths of sevcicl toroidal revolutions within the Yirst few centimeters 
outside, the !as: closcd flux surface. S'his is illustrated in Fig. 1.17, where the length of a 
fk!d linz bcforr it ifitersects the wall is plotted vs distancc Z abovc tile plasma magnetic 
cer,tcr at a toroidal locatiw with vertical ports The last closed flux surface is at Z = 

0.39 m. T'hs h g t h  at Z = 8.47 rn, 8 cm into the scsapcoff layer, is -40 my correspond- 
ing to three toroidal revolutions. rhus, within a fee.;d centimeters outside the plasma 
boundary, the scrapwff layer in ATF is similar to that in a tokamak. If this proves to be 
thc caw, it will bc possiblc to use pump limiter configurations that arc very similar to 
those tested in tokamaks 

ORNL-DWG 84-16542 R FED ,o" ..... - - 
I 7 

F c 
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I; E Bartlett, 1, K. Baylor, R. L). Bdenson, D. E. Biashears, C. Bridgrmn, 
‘4. Y. Rrouerman. R. L. Brown, W. E. Bryan, W. L). Cain, K. M. Chipley, 
M. J. Colc, W. K. Cooper, D. L. Coppengea, P. II .  Edmonds, 
J. W. Forseman, W. A. Gabbard, H I d  Halstcad, J. H. Harris, 
G. €3. Mmkel, T. C. Jernigan, fa. I,. Johnson, L. M. Jordan, 
V. E Lyr~ch, J, F. Lyon, J. A. Mayhall, J. F. Monday, 
G. H. Neilson, 8. E. Nclson, J. A. Rome, M. J. Saltmarsh, 
W. D. Shipley, I). J. Taylor, C. K. Ihornas, P. B. Thonnpson, 
L M. Vinyard, J. E. Warwick, J .  A. White. J~ C. Whison, 
L). Williamson, W. I Wright, and It. B. Wysor 

As shown in Fig 1.18, the A’lF device consists of a set of €IF coils, a set 0f poloidal 
field (PF)  coils, an extcrior shell structure to support the coils, and a thin, he!ically con- 
toirred vacuum vessel inside the coils. ?‘hc ATF wi!l use the existing facilities of the ISX-E1 
tokamdk: power supply, cooling, diagnostic, data acquisition, control, atid heating systems. 
I he A‘TF device parameters are listed in Table 1.1. 

Fig. l”18. Artist’s conception sf ATE. 
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Table 1.1. ATF 

Major radius Ro, m 
Average plasma minor radius <a>, m 
Average HF coil minor radius a,, m 
Toroidal field on axis 

Ion and electron temperature 

PIasma density <n>, cmP3 
Average plasma beta 8, %J 

(Ti = re>, keV 

2.10 
0.30 
0.46 
2.0 (for 5 s) 
I .IB (continuous) 

1-2 

4-8 
(1.- 10) x 

The electrical characteristics of the different coil sets are suanmarized in Table 1.2. 
The E-IIF’ set consists of a pair of coifs that forms an (Q = 2, m = 124 eorsatron helix. 
The coils must be constructed so that the current winding law is within I mrn of the 
theoretical winding law. In other stellarators, similar accuracies have been achieved by 
winding the I-€F 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 NF 
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 mounted on a structural steel brace with a T-shaped cross 
section (see Fig. 1.19)* Each conductor i s  made from plate an contains a cooling-water 
tube brazed into a milled groove. The conductors are rough-formed to shape; then a coin- 

lete 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 i t s  tolerance win- 
dow and is then machined to provide accurate location points for mounting the conductors 

Table 1.2. Major coil characteristics 

Current Current Current Voltage per 
coil set (Y) per coil per turn density - 

Coil set (MA-turns) (kA) (A/crn2) Peak Flattop 

%IF 1.750 125.0 3350 1250 500 
VF inner 0.263 16.4 2540 6 50 121 
VF outer 

Main 0.375 125.0 2600 1.250 63 
Trim 0.159 15.9 2420 650 166 
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and assembhg thc coil. These components arc tested to see that they fit within the toler- 
ance ~ i n d ~ ~ s  using a coordinate Eeastlring macliine with an accuracy of -0.01 mm. This 
machine is also used to chcek the compktzd segment. Following zssembly, thc segniei^l; i s  
potted in epoxy resin. Componeri:s for a full-scale piototype segment have k e n  built by 
the Chicago Bridgc a d  Iron Company (CBl) in Birmingham, Alabama. Fabrication of 
parts for the helical coil segments has begrin at  CB1. The structuial T-picces werc cast by 
Esco Corporation in Port lad,  Oregon. Final delivery is scheduled for May 1984. 

A critical design issue is the demoaintablc joint. Many designs were tested, and a few 
met all the initial requirements for both piilsed and steady-state operatisn. I he selected 
joiiit concept is a simple lap geometey for each turn with bolts through the entire segment 
stack, which i s  made ap during E F  coil assently (see Fig. 1.20). 

The lap configuration is composcd of a half-lap machintc? tab at  the end of each t i m  
of a coil segment that mates with corresponding half-laps when upper and !owsr seg,piients 
arc joined during the HF coil a5scmlsly process. The tabs CT ~ c ' r z  tcrn ais: machined while 
the copper is still in a flat deve!opmcnt stagc. A typical joint end is shown in Fig. 1.2i. 
Precise coirtrol of each tab's position in the segment stack, including the koles for the 
through-bolts, is accomplishcd usin2 tooliiig fixtures at the initial forming stage and again 
during segment assembly. 

Field assembly of these Mt: coil joints i s  bdscl oil optical alignment to a particular 
joint control hole on each segmeiit cad 'I ab misalignments (nonparallel surfaces) are 

- 
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corrected by assembly forces as tla 
joint ends haw been conducted 3 

kwer segments arc engaged. Tests of actiial 
is characteristic. Once aligned, tapered 6-  10 

ipse installed between turns to fill the gap an 
transfer to each turn. 
bolts a re  a slidi fit to match honed G-10 bushiag in each joint tab 

at the innermost 
turn joint. The studs are tensioned and tbe load i s  secured by a nut applied to the outer 

of the stack ter provide joint conta iminary tests nf joint resistances 
through the stack showcd that n91 joints resistance less than the required 
1 piE. 

T ~ ~ r ~ ~ ~ - ~ ~ ~ ~ t r ~ ~  tests have also been made on joini specimens l o  verify cooling c a p -  

e actually studs t engage a ihating nut plate locat 

ins relative to the hot spot temperature limit of 1 
turns to match the required current dcltnsity to avai 

its. Actual tests were possible up to about 8.7 of the sated Joint cur 
tion, verified by tests of an appropriate copper specimen, was then used to analytically 
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Fig. 3.21. Deiai! of lap joi t for a single tam 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 tests, summariAed in Fig. 1.22, 
show that adequate cooling can be provided 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. Geomctry constraints rcquired the 
ii-iner turns to be $lightly thicker, narrower, and clampcd by only three bolt$. 

The PF coils are of a more conventional design and use a wound, squaresection, hol- 
low coppcr coilductor that i s  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 i s  scheduled for August 1985. 

The vacuum vessel i s  a stainless steel shell that fits closely to the inner bore and side 
walls of the I4F coil, as shown in Fig. 1.23. The vessel is relieved in the area above and 
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Fig. 1.22. Peak temperature in a half-size coil joint as a TEM ti on 
of current. 

Table 1.3. ATF coil joint design liimiks 

OFHC copper 

6;- 10 bushing 
(3-10 insulation 
A286 bolts 

11,000 psi = endurance limit 
25,000 psi = 100,000 cycles 
20,000 psi = 1 /3SUt, 
20,000 psi = 1/3SUI, 
200,000 psi = Suit 
100,800 1 30,000 =; 100,000 cycles 



Outc; 
- 
DI me ,is i on s , c1 1’ 

Jainh cross scctions 
Full copper turil 
FIJI1 tab 
Tea r-011 t 

Tab iensioli 
Contact a rca 

Crirrerni dcssity, A/cm2 (at 175 kA) 
’1 urns 
Joint tab 
Contact area 

Current per bolt, k A  

39.0 
19.6 
54.? 
10.2 
53.6 

320.5 
6378 
1965 

31 

Inner -_ 

4! .o 
18.07 
51.7 
14.3 
46.0 

3048 
5315 
77i . t  

42 

below the 13F coil joint to silo% clcarancc for installatinn and assembly of the segmetlts. 
iwc!ve largc ports on thc outside (0.9 07 C.60 ni), insidc (0.15-ni diani), top (0.4 by 
0.4 m), and bottom (0.4 by 0.4 n) provide acccss for diagnosticq, fueling, and heating sys- 
t e m  The wall thickiicss i s  6.4 mm. Metallic seals on the port flanges pormit thc vessel to 
operate at  150°C for cleaikg. Foi aiezdy-statc opc~aiiom, cooling parrc:s will bc nrmmted 
on the inside of the vaciiuin vessel to reiliote heat from the plssma. Fabrication of the 
vacuum vessel has bcgun at Pittsburgh !)cs Moincs Steel Company in P:ttsburgh. Delivery 
is scheduled for Wecembcr 1955. 

._ 
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‘l’he piincipal load.. on the HT coils arc duc to thermal a d  msgnctic forces that lcnd 
to radially outward hoop loads and overturning loads. The principsll loads on the PF coils 
irmclcade a radial hoop forcc a~:’ tr4c vaiical force of intcraciion with the othen coils. The 
structure consists of a toroidal shell, coinposrd of idelltical upper arnd lowe: shdl panels 
made from stainless steel castiiigs ai?d intermediate panels rnach:ned from rollled stainless 
steel plate. The panels arc joined by bolts, and the entire sl!e!l is tied to the HF coil seg. 

rnents by additional special bolted fa~tcners. Westiaghouse Electric Corporation iii Pen- 
sacola, Florida, EF fabricating the structural shzl’e. Dslivery is schedded for Augeryt 1985. 

1.2.3.4 AseemMy SC~WF.”ICC 

’l’hc assembly seywnce is showfi in Fig 1.24. First, the lowcr shell i s  assembled and 
aligned Next, the lowcr halves of the HF segments are installed and positioned accurately 
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Fig. 123. Tap view of the ATF vacoum vessel, showing diagnostic p r b  
the helied coib. 

with an optical alignment system. The vacuum vessel is then lawere into place. Next, the 
upper HF segments are attached. The intermediate shell panels and the upper pan& 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 delivery of 
components for the 24th helical coil segment in May 1986. Assembly i s  scbeduled to be 
complete in September 1986, and initial operation should begin in October 1986 after 
operational testing. 
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Fig. 1.24, Assembly come 

1.23 FaeiJity ~r~~~~~~~~~~ 

F. W. Baity, C;. M. Dyer, P. M. Edmonds, R. 41). Foskett, W. A. Gabbard, M. M. Menon, 
G. H. Neilssn, M. J. Saltmarsh, T .  L. White, W. K. Wing, and W. I... Wright 

Facility preparations for ATF include removal of the ISX-B tokamak, clearance of 
t!w site, and any necessary modification, upgrading, or replacement of facility subsystems, 
including the magnetic field power supplies, the vacuum system, the neutral. beam lines, 
the instrumentation and controls, the data acquisition system, the diagnostics, the dis- 
charge cleaning system, and the site itself. They also include work required to adapt and 
iniplement ECH and ion cyclotron range of frcquencies (ICRF) heatirrg systems originally 
planxd for use in the ELMO Bumpy Torus (EBT) program. 
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1.2.4.1 Project ~~~~~~~~~~ 

Organization an 
completed. A project earn was assembled, and a work breakdown structure was develo 
The major task areas are: 

planning of the facility m o d ~ f ~ c a t i o ~  project was undertaken a 

1. magnetic field powcr 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.); 
4. instrumentation and controls (ststus monitors, shot sequencing, intcrlwks, ~ r o ~ ~ ~ ~ i n ~ ~  

cabling, subsystem interfaces, etc.); 
5. data handling (computers, computer peripherals, GAMA@ e ¶ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  etc., for  su 

port of diagnostics, analysis, and operations); 
6. machine diagnostics (coil voltage and current sensors, 2-mm ~ n t ~ r ~ e r o ~ e t ~ r ,  magnetic 

sensors, electron beam, television camera, survey spectrometer, b ~ l o x r ~ t r i c  monitor, 
etc.); 

7. physics diagnostics [Thornson scattering, HIBP, charge exchange, ~ ~ ~ ~ ~ ~ ~ s ~ o ~ ~ ,  soft 
X-ray arrays, far-infrared (FIR) interferometer, etc. 1; and 

8. heating systems (ECN, ICRF, N 

Significant progress was made in some of these areas. 

1.2.4.2 Site preparation 

The ISX-R tokamak was removed from its enclosure. Diagnostics, neutral beam lines, 
instrumentation, controls, and some ISX- 
were removed, crated, and stored for future use. The device enclosure and contra1 room are 
being completely cleared; other areas are being or will be cleared as required. 

components [e.g., the toroidal fie?. 

1.2.4.3 Magnetic field power supplies 

Power supply requirements for ATF were assessed and compared with the ca 
of existing equipment. The €31; power supply, formerly used with the ISX-B TF 
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 building 
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 he compatible, with modest reconfig- 
uration, with eventual steady-state operation of ATF at half field ( 1  T). The steady-state 
and pulsed configurations are illustrated in Fig. I .25. The modularity, building, primary 
power system, and output buswork of the existing supply will be retaine 

The power supply assessment indicated no need for major modifications to the 
transformer-rectifier supplies to be used with the VF windings, Some testing and mdifica- 
tion of the low-power circuitry, instrumentation, controls, and interlocks are re 
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1.2A.4 Nesting systems 

Thc three 1,5-MW, 0.3-s nciitral beam lines from ISX-U iryere cvaluated for use on 
ATE.. Some modifications will be necessary; ihcsc include the addition of magnetic shield- 
ing hi the ion source and neutralizcr aieas, the installation of limiting apertures to pictect 
the ATk vessel walls, and the fabrication of ncw support stands. Major preventive rnainte- 
name of the high-voltagc jwwer supplies war also detcrrnined l a  bc necessary. 

reqaircd for ,4%F gyrotron operation WCT pe;forrned, using a resistive high-voltage dummy 
load. In cvery case, the s u ~ p l y  meets or exceeds therse specifications that arc importanlt for 

The ECH gyrotron p o w r  supply was installed, and all the relcvani q 
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~ G W C  densities of -20 W/cm2 (average) and ---4OO W/crn2 (peak) for times (many 
minutes) that make inertial cooling amtenable, so active cooling must he employed. 'I his 
requires a continuous cooling capability of 1-5 MW for hours (roughly half on the 
vacuum vcssel and the remainder on limiters). 

The flexibility that allows the study of a wide range of toroidal magnetic configura- 
tions in ATF arises from versatile coil sets (thrcz Pk coil sets and two hclical windings) 
that can be independently powered and from the ability to accommodate (at  a later time) 
TF coils for stellarator-tokamak hybrid studies. The base ATF can drive a modest p l a s m  
curreart (Ip <, 40 khb using a small fraction of the 17 V - s  in the A'W coil sets before an 
t 7 1 condition exists in the main part of the pla9ma. I I B W G V ~ T ,  a definitive test of 
stellarator-tokamak hybrid issues would reqiiirc the a d d i t i ~ ~  of 0.5-T TF coils and lower 
hybrid currefit drive (LMCB) for high-ct~rrsnt ((200-kP,), long-pulsc capability. 'The 
othcr requirements for a stellarator-tokamak hybrid demonstration are the same as for 
stellarator high-beta operation (high hcating power for long pulses and the ability to 
remove this high average power from the vacuum vesse! and limitcrs). 

All future ATF missions require, at  a minimum, longei-puk~ operation at model atc 
duty factor with adequate heating and cooling. Since ATF hds bccn designed for steady- 
state opcration acd some components of the base program are already steady state, it is 
cost-effective to go directly to full steady-state capahiCty at  moderate power lcvcls 
(51 MW) in the next phase of the pogaam, rather than to an intermediate ( 5 -  to 15-s) 
pulse length. This approach makes the most effective use af ATF in the short term and 
maximizes flexibility for future missions in the ?onger teirn. 

1,ong-pulse ts steady-state operation is needed for a number of rcasons. An adequate 
test of high beta and possibly the demonstration of access to the s e c ~ n d  stability regime 
require long-pulse operation. Controlled access to thc second stability region may rcquire 
pulses long enough to p e m i t  detailed ,control of plasma profiles and shaping and relaxation 
of induced plasma currents. Pulses on the Oi&r of a few skin times may be necessary to 
demonstrate the achievement of a high-beta equilibrium. On ATF these times are 

"Tokamak cxperirneats show that the hulk plasma behavior is affected by edge condi- 
tionis (e .g . ,  H-mode, Z-mode, and ELMS). Thus, equilibrium may not be reached until the 
entire system equilibrates. The time scale for plasma-wall interactions to come into equilib- 
rium is measured in minutes rather than in secoiids, as observed in laboratory simulatiocs, 
in a wide range of analyses, from tokamak exppccience, and from observations on BB'l['- 
Scale (EBT-S). 

There arc 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 A'I'F coils (80 h pulsed vs 8000 h steady state). The 
long integrated exposure of walls and in-vessel components allows effective collection, of a 
data base for plasma-materials interactions and permits component lifetime tests. 

Five major i t e m  are needed to extend the performance of ATF: (1)  in-vessel cooling 
panels to handle (eventually) 2.5 MW of steady-state power (the present limit is 1.5 MW 
every 5 min or 7.5 kW average); (2) additional steady-state rf heating capability at  

1 MY4 and actively cooled antennas; ( 3 )  actively cooled pump limiters/divertors and 
steady-state pimping; (4) power supply upgrades for steady-state opcration at  1 'I; and (5) 

--- 15 30 S. 
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upgrade of the cooling water facility f r ~ m  33 to 40 
improvements ;is time and b cts permit. The 
actively cooled panels inside vacuum vessel, 

J per 5 mini best requires about six months of 

H. Attaya, J. L,. C.htrell, 

and N. A. Uckaaa. 

. A. Carreras, R. Ecgelstad, 
odberg, J. T. Lacatski. 9. F, Lyon, J. A. Rome, T. I'd. ~ ~ ~ a ~ ~ ~ s ~ ~ ~ s ~ ~ ,  

The stellarator rnagnetic ~~~~~~~~~t~~~ has a number of distinct ~ ~ ~ ~ ~ t a ~ e ~  for an 
eventual fusion reactor: (1) it i s  thc only reactor concept that can nianntairi an ignited, 
steady- state fusion plasma without external power input to the lasma; ( 2 )  it d m  not 
require driven current:, in the Basma and does not suffer fr plasma ~ ~ s r ~ ~ ~ ~ ~ ~ ~ ~ ~  
(3) plasma startup i s  on existing 6 * ~ : ~ c ~ ~ ~ n n  magnetic surfa'aces; (4) 3 s  doe 
thermal or magnetic loads; and ( 5 )  it allows access to a high-beta, secoi~ 
at mderate aspect ratio. 

A necessary pre 
tion of stellarator P 

ment and ~ a ~ t ~ ~ l ~ ~ ~ ~ ~ ~ ~ ~ ~ i ~ ~  control properties at ~ ~ a ~ t ~ ~ - ~ e ~ e v a ~ ~  
perature, beta, etc,) in hydrogen or deuterium. Extension to f d l  
further step. This woufd be the mission of ATF-I1 

r feasibility - a steady-state, high-beta plasma with 

I ATF-I1 would be a factor of 2 to 3 sca%eup 
= 3-5  T). Tt would use su~ercOnd~'act~~g coils and ~ ~ g ~ ~ ~ ~ ~ e ~  rf or neutral beam 

heating and would operate stea y state at high beta in the mid-l 90s. The mag- 
netic configuration for high beta with good ~ ~ f ~ n ~ ~ e ~ ~ t  will be based on results from the 
base and extended-perform ce ATF programs and from foreign s t e ~ ~ ~ ~ ~ t ~ ~ ~ s  
wendelstein VII-AS, and 

Present studies aimed at better 
larator reactor based on ATF, the 
the aspect ratio for torsataons; and. the e ~ ~ ~ ~ ~ ~ ~ ~ w ~  ~~~~~~~~~~~ of symmetric 
tron (Symmotron) coils and tossatrora coils wit 

In principle, steady-state opcration should lead to a smaller, economical reactor wa- 
e key issues addressed by 
atron for a small reactor, t 

study'8 were the 

which these paranieters can be addressd in ATF'. For this st 
parameters were scaled up to givc a I-m plasma radius. The pa 
and ATF, with a possible range for ATF-11, are given in Table 1.5. 

port code assuming 

field on confinement were studied using the Sbaimsg- 

Confinement ana re carried out using the ~ ~ e - ~ ~ ~ e n s ~ ~ ~ a ~  (1- BST trans- 

ion CydOtlrQn heatin or neutral beam injection. The effects of a fa 
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Table 1.5. Parameters of ATF-hased t~~~~~~~~~~ 
t(0) := 0.35, t(a) = 0.9 

...... ___- .. . _____- 

ATF ATFSW ATE-I1 .....___..___...___I. ..... ~ 

Major radius, m 2. I '7 4. -6 
Average micop radius, 111 0.3 1 0.6-1 

Number of field periods 12 12 10-1 2 

2 5 3. .5  ?. kreld on axis, 1' 

_..___..__.........__I.. ..... ~ _ _ _ _ _ _ _  .. ~~~ __ 

part ick and heat fluxes due to helically trapped particles in the piescnce of a radial elec- 
tric field. The model joins the l / v  transport scaling in the intermediate collisionality 
regimc to the v transport scaling in the low collisionality regime through. a resonant transi- 
tion regime where the F X B and B X V B  poloidal drifts cancel. ,4xisymmetsic weoclassi- 
cal (Hinton-Hazeltine) tokamak trainsport i s  also added to this stellarator ripplc-produced 
neoclassical tramport. 

eoclassical losses for a fixed value of 
[ -= &/T r= 2 1Icrr. ignition does not occur, but a high-Q, driven plasma ( Q  - 15) is 
preduced. For example, Z-MW auxiliary heating at <ne> = 6.5 x 1019 m-' produces 
300 MW of fusion power at <fi> 5.5% and <P = 22 key, and 40-MW auxiliary 
heating at <ne> = 9.5 X 10'' m produces 600 MW of fusioii power at </D 2= 8 %  

and CY> = 22 kzFJ. Increasing 6 above 3 docs produce ignition. Figrare 1.26(h) shows 
the results obtaincd with neoclassical losses for a fixed value of 4 = e@/T = 4. Here igni- 
tion (the zero inpit powsr contour) occurs at a nearly constant value of <D 2 

21 5-23 keV ova a wide range of densities and, in particular, can occur at very low values 
of density and beta. The ignited power output is 300 MW at <ne> -= 7 X l O I 9  rn and 
</3> - 6% and is 600 MW at <ne> - 1 X lo2' m- and <p> = 9%. 

The addition of anoiraalolns (Alcator scaling) losses prevents ignition at very low values 
of density and beta. At higher densities, the neoclassical stellaratoi losses still dominate. 
'T'hrs i s  sl-own in Fig. 1.26(c) for a fixed value of = &/i" = 4. Ignition occurs for <ne> 
3 6.5 X l O I 9  rn at <ir> > 25 keV and an output power of ~ 3 0 0  MW. Operation at 
+s,> -- 1 X 10'' m yields 600 MW of output power and <@> =: 8%. 

Calculations were also made of transport due to a self-consisterat radial electric field, 
determined by eqarating the electron and ion partick fluxes from the Shaing-Houlbcrg 
transport model. The net result is a large (---8) increase in losses in the transition 
region, where the E X B and B X V B  poloidal drifts cancel and the potential changes sign 
from 4 < 0 at high collisiowaility to 4 > 0 at lower collisionality. This transition rcgion 
appioximately follows the locus of minima in the constant input powcr curves on the 
right-hand side of Fig. lI.26(c). Reactor operation wJ1 generally be in the i# > 0 regime, so 
efficient means (ECH, control of dircct p r t i ~ l e  Issses) must be found for forcing this tran- 
sition. In addition, neoclassical impurity fluxes in the 4 > 0 regime arc outward and 
should provide a natural means of cleansing the plasma. The radial electric field i s  
expxted to play a similar role in AW, where experiments to measwe and control the 
potential 2nd to develop an understanding of stellarator transport in the low-collisionality 
regime will be important. 

Figure I 2643) shows the results obtained with 

- 1  
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Fig. 3.26. Constant curves; cornstmil fusion 
bela (%), s ~ ~ r ~ ~ ~ ~ s ~ e ~  c d u d  (Mw), ~ ~ n ~ ~ ~ ~ ~ ~ $  

< n , > - < D  piasre. (Here <E,> and <Ta are the volume-averaged density and tempera- 
ture, respectively.) (a) Neoclassical transport with fixed 6 - e4,/T = 2 .  (h> Neoclassical 
transport with fixed = eib/T = 4. ( c )  Neoclassical and anomalous transport with fixed 
-= e+fT 7 4. 

'I'he ATFSR discussed in Sect. 1.3.2.1 is base QKI ATP; with II piasma aspect ratio 
of 7. Further gains could be made if the plasma aspect ratio could be reduced to 5 5 .  The 
advantages would be a ore compact reactor and a cost reduction in the ATF-XI, The dif- 
ficulty in finding a goo orsatron configuration at low aspect ratio ( A  = R/a> arises from 
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the scaling [j(equilibriurn) -- t 2 / A  and t - A ;  herice /3 -- A .  Also, as A decrcases, the 
high-beta wcoiid stability region disappears and t(0) drops to the point where thc mag- 
netic axis becomes bifmatcd and central confirirfiicr;: is expected to deterioratc. 

An interesting magnetic configbration wzs found in thc T.J-I1 stiidics (Sect. 1.4.1) by 
incrcasing the triangularity of the toius for the P - 2 winding law as the aspect ratio was 
decxasrd An 9 - 2 wiirding on a torus with a triangtjhr cross section and R/c < 5 had 
the samr gtoss magnetic configuration properties as an Q - 2 winding on  a torus with a 
circular cross section and R/u = 1 (ATF). It is difficult to have the t -z 0.5 surface fall 
within thl: inagnetic well in this cas?, but incliisim of higher-order terms in the stellarator 
expansion indicates that this configiiration may have good high-hrta properties 

1A2.3 Liiigicecriq 2 ik  

TYic wperconiucting M:' coils for a torsatroil reactor or for ,kTF-II are too large to be 
single units. Practical coils would have to bc iiiodu!ar<ither joiiitcd segmmts of a helical 
coil spanning 360" toroidally or se:?arnte, toroidally localized coils in a toroidal set that 
forms thc desired nndgnetic configuration. The engimering feasibility of thc latter modular 
(Symmotroii) coil approach is being invcstignted througlr a subcontract with I. N. Svizto- 
slavsky an3 co-worker$ at the Univeysity of Wisconsin. 1 hc study entails dctriminaiion of 
the eiigirieei ing limits of such Symmoiron coil aspects as stress, coil deflection, camcni 
density, bend radii, degrec of twist aid ratio of field oli axis to that 011 ihc cnnductoc The 
results will feed back into the next iteration in the evolution of Symnotron coils for 
ATF-11. Study of the feasibility of deaouiitablt: joints in sugerccfiducting MF coils for 

code E F b t  is used to deteirriine forces, moments, and rnagnctic fields. 
rhis information is then used En ilnc NASTRAN finite elcrrient stress analysis code to 
determinc the $;tresses in the conductor and in time coil casing Coil paiamcters and the 
location and extent of coil siippnrts are iterated urrtil acceptable strcss levels are obtaincd 
~ i t E  practical bend iadii and twist in the coils. In the stimttaral analysis, no credit is takrn 
for thc load-carrying capability of the conductor, so that forces and moments are reacted 
by the coil caqc alone. The inaxirnum stress allowed is 500 MPa for 300-series stainless 
s ted  at 4.2 K. 

A side siew of the Symmotron rcactnr case studkd is s h o w  in Fig. 1.25, and the 
relevant parameters are given in Table 1.6. Figure 1.28 shows the results of a NASTWAN 
stress calculation iisifig 104 elements along the coil leiigth for a Symmotroii examplc with 
a coil crcss-scctioilal area of 1 m2 and a 0.3-m-thick coil caw ~cccptahli:  stress levels 
wcrc obtained with a currcn; density of 1.5 k,4/cm2. Similar calculations for a 2-r, ATF- 
sized Syrrnmotron with a coil C ~ S S  section of 0.18 by 0.18 in a i d  a 0.13-m-thick coil casing 
gave acccptable strcss levels for a currcnt density of 5.5 kA/cin2. In the -%TF case, the 
toroidally directed windbacks were on the inside, instead of on the outside as in thc reactor 
case. 

Mcturn 
legs on thc outside appear to be better from a structural point of view, and con'~cx seg- 
ments are better than straight or concave ones. ,4 larger ni~rnber of coils reduces the cir- 
ciirnferentia! spaii in the unsupported regiorl an3 reduces the stress in that region. Bcnds in 

d ut a later timc. 

Although thess ztudies a ie  prelimiinaiy, soiiic design guidelinck can be inftx [cd 
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FED 

le 1.6. Coif parameters for ~ y ~ ~ Q t ~ ~ ~  
reactor study 

Major radius, rn 16 
inior radius, ni 4 

Number of Symmotron coils 24 
Current in Symrnotron coils, 15 
Field 0x1 axis, T 4.5 
Radius of VF coils, rn 20.7 
Vertical location of VF coils, rn t 5.6 
Number of V F  coils 2 
Current in VF co&j, MA 6 
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Fig. 1.28. Stress in thc Syrnmoti-m~ r-actor coil a4mg tlne .ad 
leagth, The short horizontal bars  indicate the suppovl areas: the 
dashcd line s h o w  the 500-MPa limit. The top curve shows th:: max- 
imum tensile stress and the bottom cui ve the maximum compressive 
stress 

the return legs are limited by the need to fit a coil case around the bend. l 'hc  proximity of 
a cornpensating coil to the return leg i s  limited by coil case thickness a x ?  riot by forces. 

1.33 

E. A. I,azarus, T. J. McMawamy, W. E. Wright, S. K. Barowski, R. L. Brown, 
K. H. Fowler, W. R. Hamilton, R. E. Hill, S. S .  Kalsi, V. D. I,ee, D, C. Loitstem, 
J.  N .  Luton, Jr., G. H .  Neilson, Y-K. M. Peng, D. J. StrlcAler, and C. (7. Tsai 

'Ihe Spherird Tot ijic Experimmt 

Conceptual design studies have started foi a proposed new tokamak, the Spherical 
Iorus Experinieni (STX)." The design paiameters are listed in Table 1.7. 

The mission of STX will be to test beta limits and confinement in a tokaniak with very 
low aspect ratio in the regime where auxiliary heating ~ O W ~ F  dominates ohmic power. A 
significant aspect of this exploration will be the achievenaent of high plasma currcnt den- 
sity at low toroidal field. The device will study high-beta plasmas, w!;ich are highly para- 
magnetic (& - 1.7Br'). The high fraction of trappcd particles allows a tcst of neo- 

classical ion transport in a new regimi. Eveztually, the; devicc will offer the opportunity to 
study current maintenance by flux pumping and transition between the highly para- 
magnetic sphtrical torus plasrlia and the revclsed-field pinch (RFP) and sphersr~i& plas- 

i n  tckamak ressarrh include plasim beta, energy confinement, and 
steady-state operation, which are crucial to the feasibility of an ignition experiment at  a 

mas. 
The critical issa 
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Yit i l%lC cost and i o  t h G  ccr;nomy of  feature FUSiOQ reaclor5. The spherical torus offers a 
potential sdulissn to thcsc: c allenges by virtue of its very Bow aspect ratio b A  .cT 21, natural 
elongation ( K  - 21, strong paramagnetism ( yt - 9.71, modest ficids (BP - B T ) ,  arid 
a numbes of other attractive features in corn EI with a conventional tokamdk (A 2- 3). 

Several comvealtiunal experilallen&s (TSX-R, the Psanc-eton Large Torus, the Poloidal 
D~V~IAOH Experiment, ~~~~~~~~~~-~~~~ AS EX) have studi energy confinement and beta 
limits svcr ths past sewral years, achieving relatively go c0nscnsus. The eaiergy confine- 
rnent il; found to increase with increasing plasma current and plasma s i ~ e ,  to decrease with 
increasing auxijiary heating power, and to deLrease as the beta limit is approached. The 

irnsv scaling reyre- 
ional tokanlaks. Tn 

y-"" = 5 kG) and large current (Ip up to 
kh), the two scaling laws give w r y  different pse ictiows ( 5  Plps vs 125 ms, respec- 

uncertainty in c o n ~ ~ ~ ~ c ~ ~ ~ ~ t  scaling as epicted by nera-Aileator an 
sents o d y  a factor of  2- 3 difference n c~~~~~~~~~~~ time in co 
S T X ,  with modest siAe and field (I? - 45 cm, 

ly$ 'Thus, STT'X will serve to resolve these cornfinerne 
The limit to ~c~~~~~~~~ beta is ~ x p ~ r ~ ~ ~ ~ ~ ~ a ~ ~ ~  found to scale as I/uB, and theoretical 

stability analysis dcxnonstrates this s e scaling. This beta scaling predicts a beta above 
20% in the S'TX when B F  is used. wever, the strong paramagnetism in the spherical 

torus, which gives B ~ / B ~ '  ::= 1.7 at the plasma axis in STX, introdaices an uncertainty of 
t'nc same facto1 an t e beta h i t  and the ac evable plasma pressurc 
STX with significant neutral beam heatnnig will 

A s s ~ ~ ~ ~ n ~  neo-Alcatedr  ne^^^^ scaling, the Murakami density limit, and beta- 
limited pressure and using the total Bo value (including paramagn m), the aspect ratio 
scaling of n 7 ~  for 1.s < A < 3.3 IS a p ~ ~ ~ ~ x ~ ~ a % ~ ~ ~  (1 -t- 1 3 3 1 ~ ~  '1. here are no shaping 
field coils. the benefits of low aspect. ratio will be even mort extreme, A test of such a 
dramatically beneficial scaling is needed. 

The modest toroidal fie1 , which is comparable to the oloidal field in STX, makes it 
an effective vehicle for testing osciilmting-flux current drive, which has been recently pro- 
posed in the highly ~ ~ ~ ~ ~ n a ~ n ~ t ~ ~  RFP and sphersrnak plasmas. Initial assessments have 
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indicated that a 10% oscillation of QT and R,  at about 100 Hz would be required to test 
this process in the STX. The power supply required for this test is estimated to be modest 
over time scalcs of about 200 ms, altlioiigh detailed assessments are needed to determine 
the best approach. 

'The strong paramagnctism makes the spherical torus similar to an RFP or a sphero- 
mak in that the BT and B, distributions are similar in the plasma core. Because of the 
relatively modest BF-"' in STX, it is feasible to rapidly decrease BFf after the spherical 
to1 us configui ation is established, without dramatically disturbing the plasma core. The 
linked conductor (inner TF coil legs) will contribute to s t ah i l i hg  the resulting RFP- or 
spheromak-like plasma. I'his, will afford an opportunity to study the transition betwcen 
thcse two regimes of plasma configuration. 

1.4 THE ORNL-JEN COLLABORAT%ON ON TJ-I1 

J. L. Alvarez Rivas, J. Botija, J. L. Canti-ell, B. A. Carreras, K. K. Chipley, J. P. Guasp, 
J .  1 1 .  IIariis, I .  C. Hender, T. C ,  Jernigan, A. Lopcz, V. F. i,ynch, J. F. %yon, 
R. Martin, R. N. Morris, B. L. Nelson, A. Perea, A. Perez Navarro, 
A. Pueblas, and J. A. Rome 

T h e  Junta de Energia Nuclear ( E N )  and ORNL are collaborating on the design of an 
advanced toroidal experiment, TJ-II,22 to be built at  the J E N  laboratory in Madrid, Spain. 
l'hc joint design study is funded by a grant from the U.S.-Spah Committee on Coopera- 
tion in Science and Technology. Funds for construction of TJ-11 itself ($15 million) are 
detailed in the National Fusion Plan for Spain. 

TJ-I1 is iriterided to serve as the focal point of the Spanish fusion program and to have 
strong participation from Spanish industry. TJ-11 should have fusion-relevant plasma 
parameters and contribute to the search for an optimum magnetic configuration for an 
eventual fusion rcactor. F,xperimental flexibility and the ability to make a significant con- 
tribution to the physics understanding of toroidally confined plasmas are important factors 
in celection of thc TJ-I1 defign concept. In addition, TJ-I1 should be a significant element 
in the h s s p e a n  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 
TJ-I1 device. 

A wide range of stellarator configurations has been studied in the search for the best 
magnetic configuration for TJ-11. Three nCjry configurations that are interesting in them- 
selves are also potential candidates for TJ-11: a low-aspect-ratio torsatron with a triangular 
toroidal cross scction, a modular (Symmotron) version of this configuration, and a new 
flexible helical-axis configuration ("flexible heliac"). These configurations are discussed in 
this section. 

The tirnctable for the TS-I1 project calls for selection of the TJ-I1 configuration in May 
1385, completion of the preconceptual design studies by August 1985, prograrnrnatic 
review of the TJ-I1 proposal in September 1985, final engineering design during 1986, con- 
struction during 1987 and 1388, and start of operation by December 1988. 
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1,ow-aspect-ratio tsrsatrons (R/o 5 5 )  offer a larger plasma radius a givcn facility 
or reactor. (IIert R is the major 
ators art: chasactcrized by aspect 

co41 snmd ewitually may Bead LO a nao 
radius and c1 is the average plasma ra 

Eieliotroa-E, R/a - 1 1 ;  and in ~~~~~e~~~~~~~ v 
'b hc I S-II studacs of luw-aspect-ratio torsatroans examined thc effects of  oil aspect 

ratio, number of fieid periods, 4 ~ a p e  of the toroidal ~ 0 5 s  sectioai for the wiiid~iigs, poloidal 
raaodulatiorn of the ~~~~~i~~ law, and ~ d ~ ~ ~ ~ ~ ~ ~ n a ~  poloidal coils. 'The ~~~~~~~~~~~~~~~~ studied 
were thosc with windings characterized by V = 1, P. = 2, iz - 3 ,  ( 9  = 1) i (J? =;- %)> and 
(,Q 2 2) t (P = 3). The criteria used ir the [ ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~  process were R/u 2 5 ,  *(a) 

rational surfaces within the well. 
An interesting magm tic ~w~figuration was fwnd  by increasing the ta iarngrilavity of the 

toroidal cross section for t*c i! - 2 windiiig law as the aspect rntio \+as clecreased. ?'he 
best cvnfigamtisn tiad d '3-fxckd-priod, 61 = 2 winding mi a torus with LI triangular cross 

winding isti a torus with circular c ros  section and R/a .rt: 7 QATF:). Figure 1 2 9  shows t5e 
vacuum field calculations for this case. 

A rnodddr version of this ~~~~~~~~~~~~~~~~~ was also four~d sing Symn1n"rorl coals. T"ss 
technique features a sirigle modular cod for each field perio that iiicefq~~r&s the torsa- 
tron helical arcs and toroidally directed windbacks to foran a modular coil plus an opposirag 
toroidal coil tu conapensate for the \yindbacks. 

9 t h ~ ~  torsatroaa ~ o ~ ~ ~ ~ ~ ~ r ~ t ~ o ~ ~ s  studied were not as intcresting Although the B 7 1 
configurations had a Barge radius for the la 

The I? - 3 configurations had low t values tha& produced doublet-type magnetic surfaces 
(bifurcated magnetic axis) An 42 = 2 component was added to these confiprations to 
increase the t value and to product: a magn well, Ilowever, thi: combinations (2 - 1) + (Q 1= 2) and ( a  -I 2)  -+- ( P  = 3 )  prodm no better results than the single K-number 
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 radaus. 

ratios COnsiderdbIy {argelr than those Of  their tokZmak rddtIVe5: in ATF, $?/dl 7, a11 

close to 1, moderate shear { [ e m )  - t(ae> ,/t(a\, 5- O ?i9  a magnetic wd, and low-order 

section and R/m < 5 but %it11 the saint: Indgalirtic conliguration properties 6i.F an P -= z 

CaOSCd flux SLBTfaCX, the)' had a 10W $(a) and 
1narginal 1nagnetie well with several low-0 reSQnaI3t SUl"faCes outside the m2gne&iC well. 

Toroidal magnetic configurations with a hzlic the possibility of 
broad magnetic wells, which lead to increased higher rotational 
transform, which leads to a smaller niagrietic axid shift with increasing beta and hence a 
higher equilibrium beta limit. Thz ATF can produce helical-axis configurakions by reduced 
current in one of its two helical windings, but these configurations are not optimized since 
ATF was designed to access the high-beta, second stability region in circular-axis config- 
urations. ~ e v e r a ~  approaches22 to optimitation of helical-axis configurations were inyesti- 
gated, including cycloidal stellarators, geodesic stellarators, the helicon, and the heliac. 
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The most interesting of the helical-axis configurations i s  the h e l i a ~ ~ ~ - * ~  coil arrangc- 
ment, which features a set of 'T'F coils *ith centers that follow a helical path around a 
large, 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 (<p> -- 
2510). At finite aspect ratio, the main theoretical concern is a possible eqcilihrium beta 
limitation due to island formation and breakup of magnetic surfaccs 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 gefieraticn of resonant harmoiiics by non- 
linear beating of thc 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 fin a h&a@ #nf:,g 7 ura- 
hion that has no dangerous low-rn 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 pmmire effects move the 
configuration away lrom the optimum. A better approach is to build flexibi.lity into the 
magnetic configuration, permitting a broad experimental optimization rather than a point 
theoreticai optimization. 

configuration has been foundz6 that has high versatility, law plasma aspect - 6.5;5, and good control of the magnetic configuration properties throug 
addition of a n  Q = 1 helical winding to the centrail, linked circular eoiL The coil cu 
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-m rational surfaces. The resulting csil configuration is 
shown in Fig. 1.30. It has four field periods with eight TF mils per period and two ccn- 
tral conductors. The TF coil aspect ratio (R/rJ is 4, where R = 1 rn, and the radius of 
the helical path of the TF coil centers is 0.7rc. The central !? = 1 helical winding i s  in 
phase with the helical path followed by the cen rs of the encircling TF mils. The bean- 
shaped magnetic surpdces produced rotate arou the central conductors as the magnetic 
axis foliows a path similar to that of the TF coil centers. The indentation of the bean is 
always close to the !? = 1 winding. The role of the B = I conductor in shaping the 

OAML-DWG 84-3803A FED 

Fig. 1.N. Coil set for a €leXible hetisc shttwimg the II = 1 Mica1 d d i g  (shade$) 
arowd the circular central conductor and the belicaily ench&ng TF coils. 
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predominantly helically synirne:ric plasma i s  similar to that played by the circular VF coil 
scts in shaping the predominantly axisymmctric ATT plasma. 

‘1 his “flexible heliac” configuration has a number of significant advantages over the 
usual heliac configuration. First, similar magnetic configurations can bc produced with less 
total current in the two central cocdixtors than is rcquired with a single circular conduc- 
tor. Second, a deeper magnetic well can be achieved. Third, the shear e m  be easily con- 
trolled, and a nearly shearless configuration can be obtained, as shown in Fig. 1.31. 
Finally, the rotational transform can be varied over a widc range, as shown in 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 helical 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 ?'F 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 I,, = I,(l f C 
COS M@) has been studied, where 4 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 (rn = 0, n = M )  component of the magnetic field. The nonlinear 
beating of this component with the (rn = 1, n = M )  component in turn modifies the (rn 
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1.5 T N 

J. E>. Bell, c1. E. Bush, R. J. Colchin, -1. I,. Dunlap, 1,. C .  Emerson, A. C .  England, 
. Langley, 
9 

The working visits of staff to Princeton Plasma Physics I,aboratory (PPPL), 
were continued as a means of ~ ~ t e ~ ~ ~ ~ i ~ ~ ~  EIMC 

ities of the Tokamak Fusinn 'Test Reactor (TFT 
n i n  the summer as the aperation of IS%-B drew to a close. 

y the end of the year, 1 L staff' inembers were on ~~s~~~~~~ rinwton. ~~~~~~ 

ere involved essentially full-time on TFTR activities but divid ir timr: between 
ORNL and PPPL. Still others were making short visits to PPPL in response to spetss;ifk 
needs for their assistance. 

'The involvement of 0 es detailed analyses an ~~~~~~~~ ~~~~~1~~~~ 

CtsQSCOpy and sptXtroSCOpi@ ~ n s ~ ~ ~ ~ e ~ ~ ~ t ~ o ~ ~ ,  Soft x-ray , ~ ~ ~ t ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ,  

described in tlic previous aiinual 
persons into the research 
tion to the Princeton area 

MI ID instability studies, asurements, data base ~~~~~~~~~~, *eutPoal 
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electron cyclotron emission (ECE) diagnostics, Thomson scattering diagnostics, charge- 
exchange diagnostics, cleanup studies, chrornium gettering, FIR diagnostics, 1 -mm inter- 
ferometry, and surface materials analyses. Positive contributions have been made in all of 
these areas. Particularly significant contributions havc been made to confinement studies 
for full-bore, neutral-beam-heated plasmas; to chromium gettering experiments; and to 
development and implementation of the multichannel FIR interferometer/polarinneter. 



1-59 



1-68 

18. J. Lacatski, ”Plasma Engineering Analysis of a Small rorsatron Reactor,” 
master’s thesis, the University of Tcnsessee, Knoxville, 1985. 

19. K. C. Shaing, “Stability of the Radial Electric Field in a Nonaxisymrnetric 
Torus,” Phys. Fluids 29, B 567 ( 1984). 

20. K. C .  Skaing et al., “The Radial Electric Field in a Nsn-Axisymrnetric Torus,” in 
Proceedings of the 10th International Conference on Plasma Physics and Controlled 
Nuclear Fusion R~search (London 1984), h t .  Atomic Encrgy Agency, Vienna, in press. 

21. Y-K. M. Peng, Spherical Torus, Compact Fusion at Low Field, ORNL/ 
FEDC-84/7, Oak gidge Natl.. Lab., December 1984. 

22. A. Perez Navarro, “Configuration Sltrdies for the T9-I1 Device,” p. 563 in 
Procecdhgs of the 5th IAEA Technical Committee Meeting on Confinement and Heating 
in Stellarato.ps (Schloss Kingberg 1984), vol. 2, EUR 94118 EN, Commission of the Euro- 
pean Communities, R~USSCIS, 1984. 

A. PI. Boozer et a1 ~ ‘Two IPigh-EBcba Toroidal C ~ n f i g ~ a ; ~ t i ~ n ~ :  ‘4 Stellarator and 
a Tokamak-Torsatron Hybrid,” p. 129 in PrscetdingJ of the 9th ~~~~~~~~~~o~~~~ Conference 
on Plasma Physics and Cmtrc111ecl Nuclear Fmion Research (Baltimore 1982), vol. 3, Int. 
Atomic Energy, Agency, Vienna, 1983. 

24. H. P. Furtlr et al., “Stabilization by Shear and Nzgativc p. 103 it1 
Proceedings of the Cmjerence on Plasma Physics and Con:rolled Nilclear Fusion Re- 
search (1965), vol. 1, Int. Atomic Energy Agency, Vienna, 1966. 

25. S. Yoshikawa, *Design of a Helical Axis Stellarator,” Nucl. Fusion 23, 647 
(1983). 

26. J. H. Harris et al., A Flexible Heliar Confiigura~ion, QRNL/TM-9504, to he 
pablished at Oak Widgc National I,abaratory. 

27. J. L. Dunlap, “TFTW Collaboration,” pp. 2-41 -2-42 in Fusion Energy Division 
Anwal  Progress Report for Period Elading December 31, 1983, ORNL-6015, Oak Ridge 
Natl. Lab., 1984. 

23. 



2 

2- 1 



L. A. B e q ,  EBT Program Manager 

L). W. S9win. E B  1'-S Program Manaigc- 
PI. C. McChrdy. EC'I -1) Piograrn Manage: 

N. A. Uckam, Advanced Configurations Program Manager 

S .  I>. Ackeuman' R. J. 19annewrnucller2 R. E. Juhala2 H. H. Quon16 
w. 5. A d 2  
I-. W. Baity 
J. K. Ba!lou3 
D. B. kZatchelor4 
r) i]. ~ a t e s '  
D. B. Bible5 
I-. M. Bieniosck2 

K. A. Brown6 

N. H. W ~ Y S O I I ~  

1'1. 51. c a r p e n t e ~ ~  

T. S. Bnge!ow 

W. E. Bryan6 

R. D. Buiiis' 

W. H. Cassoil" 
G. L. Chen" 
J. A. Cobble 
K. J. Colckin 
K. A. Connsr12 
K. A. D a i ~ d l ' ~  

W. A. Davis 
R. J. DeHelbs' 
R. D. T?nnaldscn 
0. c. Eldridge 
G. Fcderoff2 
J. C. Glowkiika 
R. c. 601df1ilgee8 
J. K. C;oyerl2 
0. E. ~ a n k i n s ' ~  
G. R. Haste 
D. E. ~ a s t i n g s ~  
C. L. Hedrick4 
W. I,. Ilickok12 
I>. L. Hillis 
s. Hiroe 
H. I;. Imster2 
E. F. Jaeger4 
0. V. Jett7 

M. h). Kirnrey 
11. K. Lee8 
k. L. Livesey 
J. w. 1 ~ ~ ~ 3  

K. v. LUFsford6 
R.  aho on'^ 
J. R. Mankin' 

M. w. McGuffm 
T. J. McManamy6 
(7. W .  Mestnr, Jr.8 

J. C. ~ ~ ~ ~ 1 1 7  

D. R. Overbey4 
L. w. Owen4 
T. Id. Owens* 
B. G. Peterson' 
J. H. Pfannmul!er2 
T. S.  Psteat2 
K. W. Prince2 

D. A. Ramussen 
M. A. Reedy7 
K. K. Richards 
C .  R. Schaich 
C. E ,'lchmid8 
R. J. Schmidt2 
s. s. Shell3 
I I" solenslen'2 
D. A. Spong4 
G. W. Sullivail 
T. Uckarr 
K. J. Warwkb6 
T. L. White 
J. B Wilgen 
(3, T Wilson6 
R. E. P ~ i n t e n ~ e r g 5  
w. L. Wright6 
R. B. Wysor6 
V. ~ u n "  

1. 
2. 
3. 
4. 
5. 
6. 
I .  
8. 
9. 

10. 
1 1 .  
12. 
13. 
14. 
15. 
16. 

General Dynamics Convair Division, San Diego. 
McDonnell Douglas Astronautics co., St. L,oiiis. 
Magnetics and Superconductivity Scction. 
Plasma Theory Section. 
Instruirieniation and Controls Division. 
Engineering Divisim, Martiir Marietta Energy Systems, Inc. 
Section secretary. 
Computing and Tekcoinmunications Division, Martin Marietta Energy Systems, Inc. 
Univcisity of Missouri, Rolla. 
The [Jniversity of Tennessee, Knoxville. 
Plasma Technology Section. 
Rcnsselaei Polytechnic Institute, Troy, N.Y. 
Applied Microwave Plasma Concepts, Inc., Encinitas, Calif. 
North Carolina State University, Raleigh. 
University of Maryland, College Park. 
JAYCOR, San Diego. 

2-2 



~~~~~~‘~~~~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-5 
ARCX-T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-5 

2.1-1 
2.1.2 
2.1.3 
2.1.4 

2.1.5 

2.1.6 

2.1.7 
2.1.8 

2.1.5 

2.1.10 

2.1.11 

2.1.12 

2.9.13 

2,1.14 
2-1.15 

2.1.16 

2.1.17 
2.3.18 

2.1 19 

2.1.20 

2. I .21 
2.1.22 

. , . . . . . . , . . . . , . , . , . , 2-5 
2-12 
2- 15 

2- 15 

. . . . . . . . . . . . . . . . . . . . 
umpy Torus . . . . , . . . , 

OruS--SCalen , . . . . . . . . . . . . . . . 
ron Temperature Measurements From Induced 

Abstract of Electron ~~~~~~e~~~~~ in the E L  

Ring &-iller  en^ . . . . . . . . . , . . . . . . 
Abstract o f  An 

T-S apzd Its ~ ~ ~ ~ ~ l ~ ~ a ~ ~ ~ ~ ~ . ~  giw 
x~~~~~~~~ . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . 

afa Analysis . . . . , . . . . , . . . . . , . . 2- 17 
clroc.,n Cyclo5ron Heating 

~ X ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~  in xhs EL.&fV Bump-v ?’op.ess ~ . . . . 
~ ~ I ~ d ~ ~ n ~ n  tal and S ~ ~ ~ ~ ~ - ~ ~ ~ r ~ ~ ~ i ~  Weso 

easurements c)n . . . , . . . , . 

TkSUS . . . . . , . . . . , . . . . . , 

2-19 

2-22 

2-22 

Hot Eleclscm Rin 
bstract of ‘The E 

. . . . . . . , . . . . , . . . . . . . . . , 

Experiment“ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . 2- 2 3 
2-23 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-24 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-24. 

Ian Cyclotron Heating . . . . . . . . , . . . . , . . . . . . . . . . 
raet of “Ion Heating in the igh Ion Cyclotron 

a m a  Potential urementsn . . . . . . . . . _ . . . .  2-28 
ilibrium in the 

2-29 

2-29 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-30 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-31 

2-3 I 

Summary of ~ ~ x ~ ~ ~ ~ ~ ~ ~ ~ a ~  Stu 
umgy Torus” . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . , . . 

rnpy Toms Using a Heavy Ion W?E ?tWbt? , . . . . . . . . . . . 

Bumpy Torus” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

2- 3 



2.1.23 
for h H . P  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-31 

2.1.24 Pulsed Experimeots in the Collisional Eiectron Rcginsc . . . . . . . . . . .  2-31 
2.1.25 Dyi;an:.ic Measurements of Electroil Ewcrgy Confinement . . . . . . . . .  ?-32 

2.1.36 A Coiilparative Measuremcnt of the Particle Confinement 
Time in EB.1- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-34 

2.1.27 H a  Laser Fluoresceace Meas;:.re:aa,nbs of Ncrrtral I-Iydrogen 
l9ensitics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-37 

2.1.28 Abstract of M m i e  Carlo Neutral Dewily  Calculndiniis for 
EL4 bO 13umpy Torus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1-41 

X1.29 The Absolute Calibration cjf All 24 Ion Gages oii EBT . . . . . . . . . . .  2-43 
2.2 EBT-P PROJEC .. r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 . a 

2.2.1 Intrsderztiuai . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-44 
2.2.2 E3T-P/l<FT;% Magnct Tlevelopment. . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-44 . 
2.2.3 Project Closeout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-4.5 

2.3 EB’I’ ADVANCED CONCI3P ‘1’s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-45 

Smaller EBT R’ieactor System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-45 
2.3.2 Abstract of ELMO t imipy  Sqi4are. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-48 
2.3.3 AssessiIIcct of Magnet Fk!d Asymmeti-ies in EBS . . . . . . . . . . . . . . . .  2-49 
2.3.4 Magnetics Calculations for  ai^ EBS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-51 

I)e.rcriptiorr and User’s Guide (Version I )  . . . . . . . . . . . . . . . . . . . . . . .  2-51 
KEX;P;, R.NCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-52 

Abstract of “Direct K c d i n g  Fast Microwave Interferometer 
. . . .  

2.3.1 Innovative Bumpy Torus Configurations: ‘I’ied to 

2.3.5 Abstract of An E N ‘  Reuctor Syslerris And;gsis m d  Cost Code: 

2-4 



chards, ;ind a. trckan 

s have indicated a 
$he diagnostics 

include a significar!lly improve Thornson scattering a ~ ~ ~ r a t u s ~  which has radial scanning 
1 for the electron behavior in the EL 

2-5 



2-4 

capdbiiity, and a new mmserrenien; of electron temperature using the spcet;oscspk ratio 
bctween two aluminuni ion lines observed in the plasma, In addition, diagnostics that can 
observe thc high-inagrcetic-field throat region of the plasma hate allowed us to measure the 
density and temperature in that region for the first timc. In conjunction with midplane 
measurements, these measurements provide information on. tke isotropy (or lack thereof) of 
the elcctron distribution function. We discuss the characterktics of the electron distribution 
function insidc the rings (near the center of the plasma) for energies d 2 keV. The rings, 
which have energies of several hundred kiloelectron volts, are relativeiy decoupled from the 
power halance of the bulk electrons, results from recent ring experiments are reported else- 
where. 

Analyqis of the new results indicates that the structure of the electron distribution 
fuilctioil is as follows. (1)  'The distribution is non-Maxwellian and consists of a two-. 
component plasma, There i s  a cold component (nc 6 0.7 x 1 0 ' ~  ern -3, T, < 100 e ~ )  and 
a warm component with 2 density 10% to 30% of the total electron denrity and a tempera- 
ture in the range of 200 to 800 eV. (2) ?'he cold component i s  collisional and relatively iso- 
tropic, while the warm comporicnt is collisionless and anisotropic. The majority of the 
warm compcneat is mirror trapped, and only a small perceimtage passes through the coil 
throat region. Wc believe that the non-MaxweB?ian natinrc i s  caused by the electron cyclo- 
tron heating (k:CH> and will br present to some extent in other ECH plasmas. 

2, i a 1.2 Measurements I11 the cavity midplane 

The results of temperature measurements by the three T, diagnostics are shown in 
Fig. 2 1 as a function of neutral gas pressure po under typical operating conditions for a 
nominal 28-GWz microwave power of Pp = 150 kW. The characteristics of the measure- 
ments indicated in this example are those gencislly observed; the soft X-ray 7; determina- 
tion is substamitially higher than that of the Thornson scattering, with the aluminum line 
ratio technique yielding an intermediate value. The difference among the techniques can- 
not be rcconciled by accouiiting for statistical or known possible systematic errors (ix., the 
errors bars of the meas~.are;lrent~ do nct overlap). 

'The soft X-ray technique3 is the one in usc foe the longest time on EBT. Due to the 
response of the detectoi, photons with energies < 400 eV are not detected, so that the 
dominant contribution io the analyzed bremsstrahlung is from electrons with energies in 
the 400- to 2000-eV range. I'hcis, the "tempeiature" measured by this diagiiostic is deter- 
mined by the characteristics of relatively high energy electrons in the plasma. 

In contrast, measuremcnts of electron temperature using the T ~ Q ~ S C N I  scattering 
techniq~ies~ are done by fitting a Gaussian fuimcticn to the spectrum of the scattered pho- 
tons and detcrmining the elcctroo temperature from the width of that function. In this 
case, the determined electron temperature is dominated by the low-energy electrons, 
because. more photons are scattered from the low-energy electrons (so the statistical 
uncertainties in thesc numbers are smaller) than fiom the high-energy electrons. 

The aluminum line ratio diagnostic5 is a method of nieasuring the electron tempera- 
ture that uses radiation rcsulting from inner-shell ionization of aluminum ions. I h e  to the 
energy dependence of the two cross sections involved, the response of this technique to dif- 
ferent electron energy components is fairly uniform (k, the weighting function for 'Te 
determination is relatively constant regaidless of energy for this diagnostic). 
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Fig. 2.1. F:lech.on t ~ ~ ~ ~ r a t ~ r ~  ~ e t e r r n ~ ~ e ~  fro 
nostics: soft X-ray, ~~~n~~ Use ratio, and Thornson scattering vs 
neutral gas pressure for Pfi - 150 kW. Typical error bars are 
shown. 

This is illustrated in Fig. 2.2, which plots the calculated intensity ratio of the two ion 
lines vs average electron temperature. The solid line shows the intensity ratio expected for 
a standard single-component (Le., Maxwellian) plasma* The dashed line indicates the 
expected intensity ratio for a two-component plasma distribution function of the form 

f(E) - ( ~ J T $ ' ~  )exp( --,FIT,) t ( n w / ~ $ p  )exp( --,FIT,) , (1.1) 
where PI, and Tc are the density and temperature of the cold component and n, and T ,  are 
the density and temperature of the w a r n  component, respectively. The average electron 
temperature for this case is defined as 

where ne = n, + ac is the total electron density. For the two-component case shown, the 
ratio of warm to cold density has been chosen to equal one and T,/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 the Tkomson scatitring measurements will be dsm- 
inated by the relatively cold elections, the soft X-ray brmsstrahiung measurement will be 
dominated by the high-cnergy electrons, and the aluminmi line ratio ineasurenilent will 
indicate the “averagc temperature’ of almost the erltire distribution function. I t  is clear 
that the assumption of a non-Maxwe?lian distribution, with a cold bulk c ~ i i - r p ~ n ~ i :  and a 
higher-eraergy warm tail component, could quditatively explain the difference in the “tern- 
pemture” mcasurencnts illustrated in Fig. 2 1. Siirce it has long been kfiown that the 
entirc distribution function in EBT is won-Maxwe81ians as indicated by thc presence of the 
high-energy ring clcctrons, it is not vcry surprising that the distribution fu’unnctioo at  ener- 
gies below 2 keV would be ncmMaxwsi4ian in the presziice of ECH. 

Recent improvemefits in thc Thornson scattering system sensitivity, data analysis capa- 
bilities, and radial scanning ability have been described else~dhere.~ Results from the 
improved system indicate ths possibility of the presence of a high-energy warm tail corn- 
ponent on the relatively cold bulk plasma. A typical spectrum of number of photons per 
chanmel vs AX* (which is proportional to the energy of the scattering clectson) i s  shown in 
Fig. 2.3. The ordinate is the total number of photons scattered in each channel summed 
ovcr ten laser shots Background plasma light has already been subtracted, The dashcd line 
indicatcs the b a t  fit for a single-component Maxwellian distribution function, For this case 
(Fw -= 0), the calculated electron temperature is TC - 93 eV, and the normalized value of 
x2 - 7.5. The solid line is a weighted least-squares fit to the same data point using a 
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chrometer c h ~ n ~ i ~  vs AA’, where Ah. is the average shift ob the CQ 

Bight from the incident laser tight. Data are summed over ten laser shots. 
Error bars shown are calculated statistical errors only and $0 not include 
possible systematic errors. 

t w ~ ~ ~ ~ ~ ~ o ~ e ~ t  distribution function in which the three parameters n,, a,, an 
treated as ~ ~ ~ e p 6 n ~ e n t  variables and varied to minimize x2. The value of T,  is s 
equal the measured soft X-ray temperature (-500 eV) for this case. For this case,, the 
“best fit” of the parameters is T, = 66 eV an F,,, = 0.21, resulting in a normalized x2 = 
1.8. We conclude from the Thomson scattering analysis that the presence af a two- 
component distribution function with FW < 0.3 is easily consistent with the Thorns 
scattering data. However, comparable cold and warm density components appear 10 
unlikely, since FW 2= 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 Thomson 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 

1, =: J z 2 ( x ) n , ( x ) n i ( x )  dx , 

where Z is the average ionization of the ions, n, is the density of the electrons observed by 
the soft X-ray diagnostic, and 4 is the ion density. For EBT, impurity measurements‘*-/ 
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indicate that 2 is very c!ose to unity (i.e., thcm arc few imp-rities in the plasina). Dlviding 
I ,  by the interferometer measurement yields a qiiantity (Z2pu,) = J .Z2nwnedx/J n, dx. 

Dividing b y  the ceatral ckctron density (obtained from radial scanning microwave inter- 
feromcter data) yield3 an apprisxirnatc measurement of thc ratio of warm to total electron 
density. The rcsult is showi by the solid curve in Fig. 2.4. Tnese results indicate a warm 
deasity that is 630% the cold derlSity from ~ T I ~ ~ - T - I I I O ~ C  (cot~esponding to a PrCssUie of 
1.0 x torr) and higher pressure?. Foi low  mode, the calculated data points indi- 
cate that the fractional m r m  component inereascs dramatically and (according to the 
measureaent) cxcecds G nity. The explanatiori of this physically untcsabk result is not 
clear. Two possible explanations are that (1) the impurity levels are increasing as the T-M 
transition is approached, thereby causing the soft X-ray bremsstrahlung signal. to increase, 
or (2) the effccts of increascd fluctuations, ring dumps, and intermittent higtl-e:iergy ions 
obses~ed at lo\iller neutral gas pressures invalidate the basic assumption used in the analysis 
of thc soft X-ray data of a steady-state time-independent plasma 

A second, rckatively simple estimate of the ratio of warm to total electron density can 
be made using only the temperature measurements of the three diagnostics under certain 
simplifying aswmptioris. If we assume that (1) the simple two-component plasma model i s  
valid, (2) the soft X-ray diagnostic measures the warm temperature, ( 3 )  the TitPoi~~s~n 
scattering diagnostic TClcaSuieS the cold icmperature, and (4) the alunrinurn line ratio 
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measures the density-weighted average temperature, then a simple expression can be 
derived for PW = nw/(n, + n,) = (Tavg - T,) / (Tw - T,). The calculated value of F w  is 
shown by the dashed line in Fig. 2.4. We see that there is fairly good agreement betsrexn 
this estimate and the estimate obtained from the density ratio measurements except at 
lowest po values (near the T-M 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. 

ORNL-DWG 84-3403 FED 

>- 
t- 
2 0.75 - 
W 
c3 

W 
z 

a 
Q 

f: 0.50 - 

01 I ... 

0 0.5 1 .o t.5 2 .o 2.5 

po ( torr) 

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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In  contrast, thr -a th  (Z2n, )t~r/(A2n,,,)mi~ rncasured by thr mft X-ray diagnostic is 
substantially less than one, as shown b y  curve B in Fig. 2 5. The decrease in this ratio as 
the preswre is decreascd indicates ai*[ increasing aiisstrcp ji of tka  war:^^ component, with 
an incie;ising fraction of the warm electrons beizg mirror trappel?. This is in qualitative 

i~rith T L I I  calcula?ions by Bzkhc!3r et aI.* 

picspat& 8 ~ C G /  pktwc  of the al~ctrofi distribution function in EBT. Based 
OD ~ C X  and improver! diagnostic mexurernents, ieceiii advanccs in ELM theory, and a n-rew 
izd?j for pcwei- balancc 1i;lsed OJI thc ECII work, a non-MaxwB’J ;an distiibutioa funct;an 
with d h i g h - ~ ~ e r g p  tail appear? to hc a piausible and coimvil~cing explanation that reconciles 
prcvicusly iiicvnskteat measurerncnts c 9 C  clcztroii tempe; ature. 

Ne- mcasurcnnciiis of plasma prope r t :~  in the coil throat region indicate that the 
14am c o m p n a ~ t  is afiisotropic a d  that tks: anisotropy increases. BS the tail becomes less 
collisional. ’1 h s  is in qiiaiitative agrccmsnt with the model of electroris pining in perpen- 
dicular eaergy (ix., VI iincreasing) due to heating at the fundamental isscilance and 
thrreby becnrrli~~g mirror trapped. 

2.1.2, E C E m  

1) 1. .  tiillis, 0. E. Pla;lkins, aad D. W. Swain 

b %-\ - A -  I I oii tem!ierstur;; T, and electron d e ~ & + y  n, mcasuremFiitq on ELMO EZi~mpy 
Tcns -Scale (kRl*-S) havc bcen possibk only on thc plasma compofierrts that could bc 
vic.:.?:cd through diagnostic ports found on the cavity midplaar. New Uq,dit mil lor” coils 
iiisfal!ed 0x1 %B’k -S have allowed diagnostic access to the high-field coil throat rcgisn. 

A soft X-ray diagnostic was installed on one of fk spbt mirror diagnostic 9ort.s to 
piovide both T, and qe incawrements of the plasma component present in the mirror 
throat, This diagaostic measured the soft X-ray energy distribution (0.4-5.5 keV) oil 
EBT-s using all g ~ - r r , ~ i i *  wwincio~~xr!ess’9 Si(Ei) detector. 

Shown in Fig 2.5 is a c o m p a i i ~ ~ ~  of the electron temperature, as measured with the 
soft X-ray d~tection systcms oil EM!, in the cwvity niidplaiie and in the mirror throat 
region. I’he data of Fig. 2 6 wcrz acquired di typical LBT-S operation with P9 = 

150 kW at 78 GlL. and a midplane magnet ell! of 0.71. T. It is also found that 
ne( throat) = 0.1O~se(niibplane). At  hi@ collisionality (i.e., higher pressuie pohits) the 

ne tempcrstures are about cqml. As tkc pressure i s  lowercd (and the 
a c s ) ,  both temperatiares inrr-case. Mowcvcr, thc tempcratirre of the 

trapped particles iil t k  midplane increaws more thaw that of thc passing particleq in the 
coil throat. it+ i s  in qualitative agrccmeint with a model in which the trapped particles 
have absorbed I)IC)TC of thc microwave heating energy than ;be passiag particles 

An indcpeedent experiment, the three-cavity llnrnoff txperirnciii, has ccnfirined that 
the Wi;.im tail is lwgely mirror-trapped and is driven by ECFP at the fucbamental reso- 
nance zones in thc cavity of obsavaiion. The expc5mental setup arid soft X-ray spectra 
are skcw1 in Fig 2.7. Thc zonumtional thecary of ECII in 8Xr, based on fay tracing 
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9, A, Cobble 

- 3  density, a 'H'hC9118SIIBI1 scatter 
from the low signal Bevel, ehe core plasma in this 
~ ~ ~ r ~ ~ ~ ~ ~ e ~  by a ~ ~ I I B ~ ~ ~ ~  ~ ~ ~ ~ ~ u ~ a ~  surface 
microwaves. This means that the noise level from 
extremely harsh - - harsh that much effort is requi 
spite nf this, the T system has proven itself cap 
measurements at densities as low as 2 x 10'' cm- 
plasma diameter have been ~~~~~~~~ on a routine ba 
been a great help ira understa ing confinement in the E5T plasma. The bulk ~ ~ ~ c ~ r ~ f l  

at prdiles of pa, an 
decreasing fmm 

t sensitivity caki 

; with density ranging fr 
to 28 e v  a§ pressure in 

e is presented for a s 
ion at low pressures. 

supported by two 
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ce Q $ H Q ~  Electma P Riag Killer Experi 

E). L. Hillis, J. S. Wilgen, J. A. Cobble, W. A. Davis, S. Hime, D. A. Rasrnussen, 
R. K. Richards, T. Uckan, E. F. Jaeger, 0. E. Hankins, J. W. Goyer, and L. Soleasten 

The EBT normally has an energetic elcctron ring in each of its 24 mirror sectors. The 
original intention of using this bot electron population was to provide an average local 
minimum in thc magnetic field (through its diamagnetism) to stabilize the simple inter- 
change and flutc modes, which otherwise are theoretically inheren: im a closed-field-line 
bumpy torus. To study the confiiiement propxties of a bumpy torus without the influence 
of hot electron rings, a water-cooled stainless steel limiter in each mirror sector was 
extended into the plasma to the ring location, and this eliminated the hot electron ring 
population. 'These limiters were aptly named "ring killers." Electron tempmature, density, 
space potential, and plasma fluctuations have been measured during the ring killer experi- 
ment and arc: compared to standard EBT opratioaa. The results of these experiments indi- 
cate that the hot electron rings in EBT do enhance the core plasma properties of EBT and 
do, in fact, reduce plasma fluctuations; however, these improvements are not large in mag- 
nitude. These measurements and recent theoretical models suggest that simple inter- 
changejflute modes are stabilized, or fluctuation levels reduced, well before that condition 
is obk;laimed for average minimum-B stabilization. Several possible mechanisms for this sta- 
bilization are discussed. 
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except for aii offset of 1 to 2 cm toward the small major radius location. The ring would 
also lmvc a small component of diaiinagnetism extending to near the cavity wall 

'University of Missouri, Rdla  

2- 1.8 Abstract of H i g h - f ' i ~ l d  1 QP.WC& E k t r ~ ~  Cyclotroi; 9 t W i n g  Ex~&BE'~wR?~F it2 

the ELMO Bza@ 

D. A. Rasmusscn, 1). B. Batchelol, D. W. S 
1. S. Bigelow, J .  A. Cobble, K. C," Goidfingcr, D. I,. Hillis, R. K. Richards, 
T. Uckan, J. B. Wilgeii, and 0. E. Hankins 

1. T. L. W h h ,  ,XI. D. Kimrcy, 

The midplane rnicrowzvc hezting system in EBT war supplemented with power 
launched from the high-Lcld side of the f.wdamental resonance by an anicrana in ths mag- 
net coil throat (Figs. 2.9 and 2 IO) .  Up to 43 kW of polarized [entraordiiudry (X)  mode], 
2X-GHz power wzs successfully lauriched with ofit antenna. Measurements were n a d z  of 
changes in the core and 'lot eleciron ring plasma parametex when throat-launch power 
was added. In sharp cmtxast to initial expectatinas, the bulk core plasma parameters were 
degraded while the ring parameters in the launch cavity were improved. These ieseilts are 
cxplained in  light of a modified picture of ECH ifi EBT. A picturc of localized rnicrownve 
absorption arid particle losses is supported by additional measuremlents. 
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'I'. S ,  ~ ~ g e ~ o w ,  D. A. Rasmussen, anid 

~ ~ s o ~ ~ t ~ ~ ~ ~  measurements were made with a ~ Q W ~ K - ~ ~ W ~ ~  polarized microwave test 
wave that was set up to travel through the fundamental electron cycl~tron resonance zone 
in th T canfiguration (EBT-I). The polarization generated and receive 
varie sense of linear or elliptical, which enabled the absorption to be measured YS 
polarization, T%e wave was launched from the h i ~ ~ - ~ a ~ n ~ t ~ ~ ~ ~ ~ e ~ ~  side of the resonance 
zone and w i d d  cross the resonance layer at an angle of I Q (line of to the local 
magnetic field Bo as shown in Fig. 2.11 Since a k i r l y  lar receiving antenna was used, 
the effects of wall reflections and mulltipath were minimized 

Results of the nseasurernents indicate that the polariza 
mode) i s  a left-hand elliptical wave with an  axial ration (Emax/Enla) of 5 
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of 25 dH was typical a t  liormal machinc opcrating parameters. Absoiption of the other 
characteristic wave [ordinary (0) mode] was typically 1 dB Oi less (cortnpared to 1 
plasma rdcience). Rotation of the angle of the polarifation c!lipse relativc to Bo produca 
a rncasurable change in the X-modc zhsosption. If the plasina density is varied by chang- 
ing the 18-G;Hz FClX powei from off to 40 k W ,  the X - I I ~ O ~ C  absorption incfcases rapidly 
up to aroiand ; 0 k W  a;ld the; jevels off, as S ~ W I I  ii1 Fig. ?. i 2 

'Tbes-, measurements can be compared v d l i  simple ray tractug calculations to check 
for agreernes: alculations werc pe;rtx-med for standard EBT-I plasma dcnsity and tzm- 
yerature and sh that an X-mode ray enamtirig from the sourcc location that intersects 
the receiving animna would actually cross the rcs~nancc zone slightly below the F R T  
centerline shown in Ixig 2.1 1. Thc aagle betweea the ray and l?o at thc interssction i s  
125". Using the .4pple?on-Martree dispersion relation to obtaiii the X-nnodc wavc polariea- 
tion foi this angle gives an axial ration of 5.1 dB, which agrees well with the 5 dB mea- 
sured for the maximum ii'Cstq:ic~p?. (The he-of-sight angle of 140" gives 2 5 d R )  These 
results arc very enicouragirig both for thc accuracy of tile t a t  setup and foi the ray tracing 
theory. 

The trdnsmitting v!aveguidc B ctenna used in the p d a ~ i z ~ d  absarptiora study was modi- 
fied to operate at  high power by a g extra cooling lincs 2nd changing t h  phsse shifter. 
The antenna could 11andlt up to 3 kW cw at 18 G ; i L  cxccpt for the two vacuum windows, 
which causer! p~oblerns. It w?.s possibk to operate at 1 kW into thc plasma for extended 
periods, and some data were collccted The 18-GHz b,C'rf pow;  wa3 obtained by bazsrnw- 

from a~~o thcs  cavity on EM r. The power could %e switched between throat 
launch and normal feed using a ferritz switch. 
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of IIct Electron Rings 
in the ELMO B ~ m p y  To 

D. A. W a s m i i ~ e ~ ~ ,  T. S. Bigelow, TI B. BatchcPoi, D. L. M~Plis, @. R. Haste, R. El. Q w ~ ,  
and 0. E. Hankins 

The use cf multiple-frequency microwave power for ECH significantly increased the 
ring storcd energy in the SM-1 simple mirror device. Multiple-frequency ECH (MPECH) 
was used on EBT 111 an effort to increase its hot dectron beta. No substantial improvement 
in the ring parameters was observed in a series of two-frequency ECH experiments, with 
frequency separations up io 90 MIIz, in contrast to the dramatic improvement foiind in 
the axisyrnmetric SM- 1 experirrrcnt. ' lhe toroidal canting of the EDT mirror sectors intro- 
duces asymiiietrics that destroy the cuperadiabztic behavior of the cnergetic electrons, 
rcduce microwave heating efficiency, and produce additional ring losses. These effects 
qualitatively explain the different multiple-frequency heating results obtained in EBT and 
SM-1. 

2J.11 Abst~sct of "The EBT-S 28-GMz 2g'RO-kW, cw Mixed-Mode ~~~~~~~~~~~~~ 

Plasma Heating SysQem"!7 

'1. 1, White, M. D. Kirnrey, T. S .  Bigelow, D. 1). Bates, and 14. 0. Eason* 

-1 liie EBF-S B-GI-fz ,  200-kW, cw, plasma heating system consists of a gyrotron oscil- 
lator, afi oversized waveguide two-bend transmission system, and a quasi-optical, mixcd- 
mode microwave distribution manifold that feeds microwave power to the 24 plasma loads 
of the EBT-S fusion experiment. Balancing power to the 24 loads was achieved by adjust- 
iiig the areas at 24 coupling irises. System performance is easily measured using system 
calorimetry. The disti ibuiion manifold mixed-modc power transmission: reflection, and ~ O S S  

coefficients are 89%, 6%, and 5%,  respectively. The overall system efficiency (plasma 
powcrlgyrotron po VKH) i s  80%, but with s ~ ~ l i e  modifications to the distribution manifold, 
we  believe the ultimate efficiency can approach 90%. The system reliability is outstanding, 
with a world's record of 1 X lo5 kWh of 28-GHz energy delivered to the ERT-S device 
with well Q V ~ X  1 X lo3 operating hours. 

'Deceased. 

2.1.1 2 Abstmct of "Mixed-Made DidriBution Systems for HPig Average Power 
E1ecErm Cy~lotrm Heating"" 

'I. I, White, H. D. Kimrey, and T. S. Higelow 

The EBT-S experiment consists of 24 simple magnetic mirrors joined end-to-end to 
form a torus of closed magnctic field lines. In this p a p s ,  we first describe an 80% effi- 
cient, mixed-mode, unpolarized heating system that couples 28-GTIz microwave powcr to 
the midplane of the 24 EBT-S cavities. The 5ystem consists of two radiused bends feeding 
a quasi-optical, mixed-mode toroidal distribution manifold. Balancing power to the: 2-4 cavi- 
ties is determined by detailed coniputcr i;my tracing. A second 28-GHz ECH system using 
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. Baity and T.  L. 

Large increases in the plasma density on the ianipy Torus (M 
Institute for Plasnia Physics, Nagoya, Japan, were observed during pulsed ion cyclotron 
heating (ZCI-I) using a so-called “Nagoya Type lil” antenna in conjunction with gas puff- 
ing. With about 20 wer, average density values of 9.0 X 
measured. Several w r e  made to reproduce these results on 
antenna of similar r ~ ~ r ~ ~ ~ ~ c i ~ l e  density increase was ever obsesv 

e normal loop antennas used for Past-wave and 
such that the loop is parallel to the toroidal magnetic 

field lines. Two different designs were tried un hat was  et^^^ unshielded 
and passed through the throat of one of the tor F) magnets, the other with the 
same shape and orientation but with soli shields between the feedthrsughs and the mirror 
throat region, so that the only exposed ortion af  the antenna radiating element was the 
portion located in the magnet bore. A full parameter scan was made of magnetic field, 
ambient neutral pressure {operating mode), gas puff timing, and frequency in trying 
to find the proper operating c ~ ~ ~ d ~ t i o ~ s .  
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The aiitcniia loadiiig resistance on L 3 i - S  w2.s aF1011t Oil? order of niagnitudc p a t e r  
than thrii oii NBT-IM, evc~t foi the atiiCfind +it11 the S U I ~ ; ~ C ~  shields. Tor thc completely 
unshklded a l l texa .  the loading wx ?:vera1 timzs grrdtc; dill. 1 his difference in loading is 
probably tha key to undcrsinndins the div.xepancj. One lncjor cliffercwc between EBT-S 
aimd NBT-1M is the vollli-,1e occiipied by the sinfare plasma. N 3  ! - l M  war designed with a 
slig’ritly lowr/et n1agiic:ic iiliiioi iatlo ai13 $it!: a vacuum *%a!] much closer to the toroidal 
plasma. thus rei?;cing the v d u I I L x  availaLlc fu,; thz sulface pi;lsiil;t It is suspzcted that the 
h i g h  loading 3cas:ired on k HT-S is dm,  ai least in part, to increased slid 

loading 
’4 second differciice betwc-r: the two iimdiiiics is the vacuum w11 matelid. The 

I vcssc! is entirely staiiiless stcz!, and the 537’-S vacuuiii vessel is con- 
structed of aluminum. ‘1 l i ~ c  t v e  mzterizls prc m L l y  sxhibit significarii;tly different par- 
ticle iccjrcling, which ~iiay also accalint for thc clihparnte results. 

1 h e  twc antemzs used on EE’1-S ii..zrc constructs3 af copper a i d  suffxed sufficient 
damage from sputtering to result in a lcss of coolmi into thc vacuum vess-,l. i h e  coppcr 
sputicri cg probably accounts for thc i r  re;u;aducibk icsultq oi7 EET. 

‘The results oil WM 1’- 1 M, w~hile Fpzctaciilar i r j  thz magii;iude of the G k i V d  density 
increase, did not iiidieate any increase iii a l i i  yy  confiiwnent h i e  however, as no increase 
in ion o i  election tenipc;atures wah obsed u p n  applicatioa of the ICH using the type 
111 antennas On LS’T, no ngc in cor,, plasma teapri  ati i i -cq was obsrrved, cithcr. Tkrrs, 
it is suspected that most of the ICiH on E 3 1   eat d k x t l y  to poorly c 
plctely unconfined surface plasliic. 

T. L. Owens, k. W .  Baity, aiid W. A. Ilavis 

W z ~ e  hcatiag of ions is obtainc?, iil iiZT experl;iilefiis W ~ C I I  18 GHz > uQ.1 2 
3 GtI i .  Absorption of wave eiiczgy in thc plasma cevrter is dcniomiratcd. The fast magne- 
tosonic wave is obscxed oii ostatically shidded loop P i O k  p l a c d  at thc edgc ~f the 
plasma. but it is shown that the f a t  wave cannot d;ii;r;tly hcat the ions in ZBT. The e x p ‘  ~ 

iiiieiits suggest, lmwcve~, that tine waves t h t  2 -  p d i m  :hc ion hcsting arc ~ c q l c d  to the 
fast ;,vxge Thc possibility that the heating i s  due to excitation of electrostatic akrz~es is 
invcstigated theoretically. 

W. H. Cassofi and J. B. WNiIges~ 

A consideiabk portion of the find eaperimciital effcJrt on EH’T was directed toward 
rncasuring the dencity fluctuatiofis a d  ion i~avf:  ehai-actel istics by thc scattering of far- 
infrared (FIR) radiztion. i h c  FIR sairr;p laser operated at 441 y m  arb VGW supplemcnted 
with a 2-mm k!ystror @?tion. Scattered signals were observed using a homodyne icceivcr 
with an antenna beatli that scaiincd the plasma spatially alwg the central horizontal diam- 
eter of cavity WO. The fliictuatioli ievel could he xcordcd for three diffcxnt angles for 
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each spatial location. Measurements were made of the ~ r e ~ ~ e ~ ~ ~  spedmm, spatial depeo- 

uperatians.21 
dence, angular d ~ s t r ~ b u t ~ ~ ~ n ,  and integrated scatter power for a wi e range of ~~~~~~~~~ 

In order to evaluate the scatte 
losses and detection efficiency was m 

laser radiation fro 

of the FIR scattered signal allowed 
h the signal detected 
nt ineePlxity is given by of the scattered inte 

where X is the  en^$^ and K i s  a constant that &pen 
~ ~ t ~ ~ a ~ ~ ~ o ~  volume, and the physical cfiaracteristics of the p 

endent of the wavele 
~ ~ a s ~ r e ~ ~ ~ t  of the scattering of 

Stokes and anti-Stokes light. Calibration ~ e ~ ~ u r ~ ~ e n ~ s  
2 mm. 

~~~~~t~~ ~~~~~~~~~~ :$e 
i s  ~ ~ ~ ~ ~ t ~ ~ t  is ar;sun1ed 

beam, and the si 

easurements with t e 2-mm klystron were 
re not as good as ~ ~ ~ ~ ~ e ~ ~ ~ t ~ ~  Figure 2. a 4 

ange in scattered sigcal at the cavity center vs gage pressure 
-1. The same basic trend was observed at all spatial 1 

level of ~ ~ ~ ~ t u a t ~ o ~ s  differed considerably and depended strongly on the scatteriag aragle. 
uctuation level vs the central magnetic field strength. i s  show 
n u  were also made during pulsed ~ p ~ r a t ~ ~ ~  of the mach 

shown vs spatial position for E@ 
am probe. The signal was prwe 

f r e ~ u e n ~ y  lock-in amplifier in sync with the source signal for the 
ferent IC14 frequencies were used, as were various machine conditions. 

, they were small and usually could not be reproduc 
magnetic field during otherwise steady-state conditions showed marke 
scattered signal (Fig. 2.17) that could be reliably reproduced for a gfv 
conditions. This could be a sign that the signals are dependent upon the location of the 
ICH resonance zones. 

netic probes should provide information about how well measurements with the 
probe method on this type of plasma device relate to plasma c5re properties. 
analysis of the information obtained is in progress. 

Comparison of these data with information obtained using Langrnuir probes 
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MAGNETIC FIELD ( A )  

Fig. 2.115. Signal level of FIR scattering from cavity 
center vs magnetic field strength duriay pulsed (10-Mz) 
EBT-I operation at po = 16 ptorr, 
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Fig. 2.16. Scattered signal PS spatial location during 
ICH heating with 43 k W  of 15-MHz input power to an 
EBT-I plasma at 20-fitorr neutral pressure, resulting from 
FIR (447-pm) scattering. 
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L. Scknstcn, J. R. Goycr, I( A. Connnr, and R. 1 ,  IIiekok 

Til< PH'! Inerivy-ic- heam p r s k  4as baew used to measure the two-dimemional (2-U) 
StfrxCtllic of the steady-statc potential in 9'IZT. Data have bcen acqiiired iri t k  cavity mid 
plam b e t w a  adjacent mirror coils for a wide range af Inachinc. coeditions. For cxarnplc, 
a scan of p t c n t i a l  vs prcssurc in EBT-I ( E  - 0.5 'I-, ELI3  at 18 GPSz) revcaled two dis- 
ticst topulogks. ,4t lox pressures (T-x~~iide) thc pcte is characterizcd by a ccntral 

eni I he potcr~tjal at  high pres- 
diagonal contours lcadiag io an E X B drift directed verti- 

ntial chsrsgts sii-roothly frcm m e  structure to 
d the minimuin in thc line-integrated electron 

of ixsta,d closed contc::ss indicative of good cofi 
dnminated by roug 

cally upward and radially 
thc other ovcz a narrow pres 
density %which dchncs the C-T transitinn point 23 
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*as reached. The agreement between theory and experiment on this point was very good, 
allol~ing for typical measurement errors. 

l o  understand the significance of this, one must uilderstand the underlying principle 
of operation of EBT: that the hot electron rings modify the magnetic geometry to provide 
stability. Recent data have indicated that the rings are too weak to provide the necessary 
magnetic modification, leaving stability (and the close relation of it to ring formation) an 
unaaswesed question. 'IL'his thesis attempts to answer that question. 

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

. -  

S. Miroe, .I. A. Cobble, J. C .  Glowienka, D. L. Millis, G. L. Chcn, A. M. El Nadi,* 
J. R. Goyer, L. S~leiistet~, W. H. Casson, 0. E. Hankins, and B. H. Quon 

We have discrassed experimentally whether the plasma parameters obey the neoclassi- 
cal transport or the anomalous transport. The experiment indicates that the plasma is 
anomalous rather tham neoclassical because plasma parameters do not scale with (E/ re)* 

but correlate wel! with the percentage density fluctuation level. The stability condition is 
mtisfied with the criterioii of 6(ln P e V )  > 0 for the flute mode. 

We folmnd the plasma stored energy density (3/2n,Te)  for the cold component to be 
restricted between the values 

The lower limit dses riot depend on the heating power and results from the nonequilib- 
iiUir1 or instabilities associated with the low-frequency broadband fluctuations. The upper 
limit is phenomenologically related to the hat electron instabilities. However, it is not clear 
that it results from the instabilities, The upper limit has a beating power dependence. 

We found that there is an attractive pressure region where the electron density 
iiicreases with the electron temperature. This implies that the stabilization of the hot elec- 
t rm modes i s  an important issue to improve the plasma parameters in this type of the con- 
fincrneaat system. 

-. . . . . . . . . . . . . . . . . . . - 

'Cairo University, Giza, Egypt 
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1 Goyer, I,. Soieaasten, and 

In discussing the p w e r  ab (50+-5j% d the ~ ~ r o t ~ o ~  output 
to plasma eran 

vection results from the open potential contours (mainly on the surface pla!4.m 

in the present experiment 
part power can travel arou 

this power correlates well 
becomes larger than 2 x IO-', the emergy loss 

e convection, so the effect from the field error is not sig 
'rbe global confinement time in the  on^^^^^^^^^^ 

ernent time is still 
bo 200 ~ L S  in the T-mode. Even if ~ o ~ t r i ~ u ~ ~ ~ ~  from the wa 
t r i ~ u t i o n ~  is counted, the energy c 

2.1.22 Abstract of %herent 
E 

T. Uckan 

The inherent magnetic field 
vice of EBT have been measure 
error is  almost radially uni 
This yields AB/ which is large enough to 
of the toroidally circulating electrons as i). result sf fi 
shifts. By using two pairs of correction coils (loops) a rm 
error has been successfully r t ~ h c e d  to a level of IOw4 or less. 

n beam probe. It is found that the fie 
1x1 and is a b u t  AB d 4 G at an average fie1 
.-- 4 

this inherent field 

2.1.24 Pabed Experiments in the GdU 

s, J* A. Cubbie, 0. L. 

~ ~ p ~ r ~ ~ ~ ~ ~ s  have been performed on the E wice to study plasma parameters 
and transient response under the collisional electron regime vC/vd > 1 in the presence of 
the slowly decaying hat 
function is more nearly lian, and the plasma transport may 
effects different from those in the steady-state T-mode. These experinn 
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by va-iicus ectrnbinations of gas puffs lasting several mil:isecorrds and rapid switching of the 
?8-GHz wicrowave povm between two levels. During these experiments, t i m ~  evohction of 
the clectron cilcrgy distribution was measureti by T ~ O ~ I S Q ~  scattering, A1 111 line ratio 
tzchiiques, and soft X-ray mezsnrcments. Time evdution of the spatial electron 

s mear;wed by microwave iatdciometePs in the rnidplane and throat, 
ay goal of thesc experiinents was to detcrrninc whsther, with the existing 

b,8Y-Y device, substantially improved perforaancc could be obtained by opcra ting in thc 
collisional icgirtle to ierSwce direct particlc Bosses. Little evidence of irnprovcwent was 
f c u d  in :he experimccis. In spite of  average ring beta (8) I- 8% (the 1OO-kW experi- 
rr,ea:a), t k  ratio of stored core encrgy (as detennii~ed by Thornson scattering) to 
rniciwmx p o w a  input is comparable during 2 gas puff to the stcady-state C-msdc and is 
110 k i t e r  than bcforc the gas puff. A rapid turndown in p w c r  level provides a convenient 
m e h d  to study the rollisiorfal regime; however, the diffccence between performance in the 

powcr and in tho low-power states is 

J. B Wilgcn, R. K. Rickaards, D. I,. Hillis; J. A. Cobble, and T. I;. White 

The purpose of thesc measurements i s  to determine confinement properties from the 
dynamic rcsponse of the plasma and thereby to establish a second independeat method for 
measuiing the clcctrcr cncrgy confinement time and for investigating tnechanisrns of elec- 

gy transport in bST.3* The agpcal of this approach i s  that it does not rcqaiire 
accurate Lr-ewlcdge of cither the heating rate or the energy content of the plasma, both of 
which n?mt be wcl! known for the usual steady-state determination of ihe energy confine- 
ment time. 

Ip1 thc fiisi, the ECH power i s  
puise inadulated to examine the plasms sesp~nse to a step function in the heating rate. In 
:he second, a sinusoidal perturbation is superimposed on thc ECW power, allowing mea- 

I of the transfcr function of plasma parameters (i.ee3 amplitude and phase) as a 
hmctioip of modulation frequency. 

FOP the step function iesponse, the HCM power i s  pulse modulated with an amplitude 
rmging from 5% for small modaalatisn to 80% for large-amplitude rnodulstioes. The plasma 
icsgonse (piim.psdy thc elcctcon energy) is m~nitored with arn array of diagnostics, includ- 
ing 'Illomson scattering to nieasure the temperature and dcnsity of the bulk electrons, srift 

X-ray measurements to monitor the encrgctic electron tail, a spectroscopic alumiaiwnm 
inmciriiy line ratio tcchnique that is sensitive to the mean cledron energy, and a micrs- 

inidc'crometca to rncasurc thc line-averaged electron density. Under the assumption 
that the profile does not change significantly, the temporal behavior o€ t!-is total (volume- 
intcgratcd) electron energy content of both bulk arid tail components can be inferred from 
these measu:ements. 

The 'I'hssmso~ scatterizg nnA interferometer data shoau that the electron temperature 
dtmninates tkc respons~ of core plasma, tracking changes in the ECH-H power in a 
manner consistent with roug ccfistawt electron e~~esgy c ~ l ~ f i n e ~ ~ ~ e n t .  Changes in electroil 
dmsi ty  are smaller hy at1 order of magnitude. The electron tennpi-atusrc, as shown by th:: 
I'homson scatter 

Two methods of measurement have been explored. 

data (Fig. 2.18), responds very quickly to each step discontinuity in 



the heating rale, sbcrwing a1-l e-folding e uiiibratioaa lime of roughly 0.3 ms, a k r  the finite 
SWitChhg time of the E p w e r  is taken into account. 

The response of the ctrsia tail, as evidenwd by the soft X-ray measurements, is quite 
iffererat, showing large excursions in both the density an the temperature of the tail corn- 

p n e n t .  For example, a 40% ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ n  in the beating rate results in a factor of four 
change in the bail density and a factor of two change in the tail temperature. The time 
e ~ o ~ u t ~ ~ ~  of the density and ternlperahure waveforms can be quite complex, wit 
perature waveform showing a time delay and a tendency to overshoot. W 
~ e ~ ~ ~ ~ ~ - ~ ~ ~ ~ r r ~ ~ ~ ~ ~  product is ne ly exponential in shape, and it is consistent with an 
e-folding time in the range from 6 to 9.4 ms. The aiumiraum line ratio measurement, 
which is sensitive to the mean electron energy, gives a result that i s  intermediate between 
these two easese 

For ~ ~ ~ ~ s ~ r e ~ ~ ~ ~ s  of the transfer function of the plasma, odgi the a!urninum line ratio 
t ~ ~ ~ ~ ~ ~ t ~ ~ ~  data arc asdaiia le. A% 5% sinusoidal amplitude ~ ~ ~ ~ a t ~ u n  is superimposed on 
the ECI-9 power with a fr uency in the range from 10 Hz to 2 k 
omiaant plasma res nse is in the electron temperature. For T- 

f the elcctssn t ~ ~ e e r a t ~ r e  rrespmse is very large, excee 
st roiloff in amplitude for modulation frequencies abov 
g of the ~ ~ ~ ~ ~ r ~ t ~ ~ e  wavefor lative to the ECH power waveform, shows 

ly large phase shift of almo ' as the modulation frequency is increased 
2. Bn mmparison, the amplitude of the density response i s  smaller by from 110 Idz tu B k 
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an order of magnitude However, the measured phase lag i s  very similar to the tempera- 
ture data. Above 200 H L ,  the phase shift data are suggestive of a time delay of -Q.8 ms. 
Taking this into account, the transfer function data are consistent with an electron energy 
confinement t h e  of <0.5 ms. 

When RBT i s  ogeratcd at higher neutral gas pressure (C-mode), avherc the e!ectron 
tail is not observed; then the experimental results more nearly correspond to the simple 
solutions of thc electron energy balance equation expe~ted for a single-com~wnermt plasma 
with constant confinement. For exarriple, the amplitude of the ternpcraturc waveform is 
greatly reduced and comparable to the 5% amplitude of the BCH power waveform. 

2.1.26 

R. K. Richards and J. C. Glowiewka 

A Comparative Measnaemeat of the Particle Cc~nfinememt Time in EBT 

’The neutral density and the pzrticle tonfinement time in EMT-S have been determined 
by two different techniques. These involve a spectroscopic measurement and a fast-ion 
decay measurement from a diaswsstic neutral beam. The rcsults from these measurements 
are displayed in Figs. 2.20, 2.21, and 2.22. Both diagnostics exhibit a strong depcndence of 
the particle confinement time on the fill gas pressure but only a weak dependence on the 
l-rcating powcr. Although both diagnostics exhibit identical trends for the part lck confine- 
ment time, the results differ by a factor of 2 to 3. 
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2000  

5 0  kW 

I) The v a ~ ~ ~ ~ i o ~  of e particle ~ Q ~ ~ n e ~ ~ n ~  time ap 1s a 
€~~~~~~~ of fill gas pressure with a constant microwave heating power 
Pp -=: 50 kW. The open circles represent results from the fast-ion 
decay measurements, and the solid curve is from spectroscopic 
measurements. 

O R N L . D W 6  84C-2766 FED 
I I  r I I , . - i - - - - - - ~  

100 kW 

0 5  1.0 2.0 5 0  70 0 

ABSOLUTE PRESSURE ( x  10 t o r r )  

Fig. 2.21. Variation of T~ as in Fig:. 2-20 for Pp --- 100 kW. 
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Fig. 2-22, Variation of T P  $3'3 in Fig.  2 20 f2r *", - a§@ kW. 

kral density is related to the particle confinement T~ by 

1 2 nisi - - , 
i T P  

where nj is thc neutral density of atomic and molecular hydrogen and si is tlic respective 

ionization rate. Each of the diagaiostics measures a prcpesty of the neutral dewity to deter- 
mine the particle confinement time. In thc spectroscopic measurement, thc photon emis- 
sions from atomic and rncsls,cular hydrogcn arc measured separately to determine the indi- 
vidual densities; then these are combined for calculating the particle corrfiaienient time. In 
the fast-ion decay diagnostic, fast ions arc created in the plasma with a diagnostic neutral 
beam. The decay rate of these fast ions on the background neutral population, both atomic 
and molecular, is then measured to estimatz the ncutral dcnsity. 

The observed variation of T~ with fill gas pressure and rniercwave power can be 
expected from the parameteis of electron density and elcctron temperature in EBT. For 
n,Q - ( 1  -3) X l O I 3  cm 2, thc mo1esda.r nwtrals are strongly attccuated. but the atomic 
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~ r a ~ ~ ~ - ~ ~ ~ n ~ ~ ~ ~  neutrals are only weakly aitenuated. Therefore, the neutral density will 
vary roughly as the fill gas pressure and the particle confinement time as the inverse of the 
fill gas pressure. At very high fill gas pressure, the eiectron temperature decreases to B 
point at whieln the ioni~atian rate of the neutrals is reduced, and the particle confinement 
time can Increase with iricreasing fill gas pressure. 

The variation of the particle confinement time with microwave power can he under- 
stood by the d e p n  ence 01 the electron density In EBT the electron density iaereuses 
slowly wi~h 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 schernabic of t fluorescence experiment i s  shown in Fig. 2.2%. The flasblamp- 
pumped dye laser used for this experiment was a Candela SI,Xd-66 coaxsally pumped sys- 
tem. Using a ~~~~~~~~~~~~~~~~ 6463 dye dissolved in hand, the laser produced -80 mJ at 
6563 A in a 200-airs pu~se. Wilh a ~ ~ - p m ,  air-sp etalon, the ~ ~ ~ l - w ~ ~ t h ,  half-intensity 

th was 0.75 A; with a 10-pm etalon, the ~ ~ n d w ~ ~ t h  was 3 A, as measure 
1-112 Jarrell-Ash spectrograph. Two 6543-A mirrors were used to steer the la 
through a Bl~k in the lead wall and through the median plane o f  the WS cavity on EBT. A 

wlth a 798-cm focal length was used to focus the light at the Q-in.-long, 
microwave absorber; otherwise, the Laser power in the interaction zone was 

significantly reduced, and the Bight reflected off the microwave absorber walls, producing 

uprasil 
.375-m.- 

MICROWAVE 
ABSORBER MESH -.- 

WhTEK - COOLED 
BEAM DUMP 

DUMP 

1 1  
Fig. 2.23. SkPacmakie diagram for the H, srattering experiment performed on 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, and approximately 4Q% of the energy from the dye laser 
transited the cavity. 

The blackened horn that wc origiiially tried as a beam dump proved inadequate in 
attenuating the direct laser beam. A dramatic decrcase in stray light level, of om to two 
orderis of magnitude, was observed when the water-cooled, Hrewster-angled, blue glass 
beam dump was transferred from the Thornson scattering experiment. A plane 1 0-cm-diam 
turning mirror, followed by a 1-cm-diam Suprasil lens with a focal length of 20 crn at  an 
object distance of 73 cm, imaged a 1-cnn-diam section from the center of ERT onto a 
quartz fiber optics bundle placed 27 5 cm from the lens. etween the lens and the fiber 
were installed a IO-ms shutter and a short-wavelength cutoff filter that only transmits 
wavelengths longer than 6400 A. The quartz fibei bundle was long enough to transport the 
s c a t t e d  signal out beyond the lead wall. The entrance to the fibers i s  circular, and they 
exit through a 1 -  by 11-mm slit. The light exits at f/7.7 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 central transmission 
peak shifted- by 26 A, which creates the need for a much broader handpass filter in this 
caqe. The filter was placed against the exiting fibers, and a Haimamatsu 8928 photomulti- 
plier (with a photocathode area of 8 by 24 mm, well in excess of the exiting beam s i x )  
came directly after the filter. We originally tried to use a GaAs 8636  photomultiplier tube 
(PMT) with a 12% quantum efficiency at 6563 A. However, the photocathode degraded 
after just a few days of use, and the mean anode current of the R636 is only 1pA. IIence, 
we changed. to a general. multialkali PMT (R923) with a 6% quantum efficiency and a 
potential 0.1-mA anode current. This, together with the 10-ms shutter (which had to be 
installed insidc the lead enclosure, just in front of the fiber entrance), cut the ambient Ha 
plasma radiation to a n  acceptable level. Even SO, the anode current had to be regularly 
checked when EBT was operating at high pressures and high microwave powers io ensure 
linearity of the PMT. For instance, our data recorded at  100 kW of 28-GHz power were 
taken with just 450 V on the PM'T' so that radiation observed during the 18-nas shutter 
exposure time did not saturate the PMT when EPST was operated at  pressures of up to 48 
ptorr of M2. 

The essential part of the amplification in the detection system was a Hewlett-Packard, 
non-dc-coupled, lOOX amplifier. This unit observed only signals between 1 k 1 k  and 150 
MHz and so did not amplify thc constant-level, 10-ms, plasma background H a  pulse. The 
scattered signals were subsequently processed by a 1OO-MHz Transiac digitizer, in which 
consecutive shots could be stored and later averaged, thereby improving the signal statis- 
tics. 

Whenever the machine was run in D2, as opposed to H2, there was a deleterious effect 
on the stray light level due to sputtering of aluminum from the walls. Centimeter-sieed 
aluminum flakes were deposited in the viewing dump, partially blocked the 0.375-in.-diam 
microwave absorber, and coated the input quartz window. 

Our original aim of illuminating a 1-cm3 voliime in the center of EBTF 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 SQ as to maximize the collection 
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solid a n g k  H Q W E V ~ ~ ,  because of the 0.375-in.-diam by 6-in.40ng microwave absorber at 

entrance window to ~ ~ n ~ ~ ~ ~ ~ e  the stray light produce 
microwave absorber. With tbias configuration, th easlared as a function of 
distance and gave a beam radius of 0.35 cni at t If the focusing lens was 
moved back in order. to increase this central spot c;i2e, the stray light level was observed to 
rise rapidly. Hence, we were irradiating only 50% of the volume imaged at the fibers, 
which ideally would have been matched. 

the entrancc port, we had to focsrs the laser beam to a beam waist gust in front of the 

2.1.27.2 ~~~~a analysis 

In  analyzing the Ha fluorescence data, we made extensive USE of Gohij's computations 
of the hydrogen level populations, which are based on a standard e~flisional-raciiaitive 
n ~ o d e l . ~ ~  The change in ~ ~ ~ ~ u ~ a t ~ o n  of the ra --- 3 level, AN:, when irradiated with a 
saturating power level 1in laser, is also computed in this model. GOM and ~ u r g e s s ~ '  give 

results for tokamak plasmas ith T,  - 100 e 

For conditions relevant to T ( 5  eV < T, .d: 
10l2 cm- 3>, Gohi1 provided the detailed values N : ,  and AlpJi n 
derive neutral density values from our W, scattered signals. At present, the code 
include level-populating processes involving direct molecular hydrogen dissocia 
excited levels. These processes are ~ ~ ~ ~ r t a ~ t  in tokamak wall regions and in the EBT 
plasma, especially at low microwave powers, and could account for some of t 
discrepancies among the various neutral density measurements made on EB'T. 
incorporate the molecular populating processes more systematically in the future, Figures 
2.24 arid 2.25 show our derived values of neutral density vs the absolute prcssiire Qequal to 
twice the ion gage reading) when EBT-1 was operating with 40 kW of 18-6 
power. We plot results from the scattered H, data and from the backgr 
taken at the same time. The background data give a mean density that i s  a factor of 2! to 3 
lower than the spatially solved fluorescence data would indicate. These data were taken 
before the fire, when we d not done Raylleigh scattering, SO the calibraiion was done by 
assuming the manufacturer's values for the transmission of the ]ti, Mter (51%) and for the 
quantum efficiency of the PMT (6%)  and by measuring the gain of the PM'T (1.2 X IO4)  
using a standard source. Also3 the fiber bundle was measured to have a transmission of 
55% and the microwave mesh an 85% throughput. The flimoaescence signal FN3s given by 

3 '6/ and n, > 5 x lo'2 cm . 
5 x "a0"' G M  - ?  4 n e >  3 x 

with the fluorescence volume VF = 0.385 ern3, AS2 = 7.2 X loa3 sr, A32 = 4.4 X 
lo7 s-l, and the efficiency q = 1.3 X 1 K 2 .  For a MT gain G = 1.2 X IO4 and using 
a further 1QOX amplifier, the signal into the digitizes i s  given by 
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(in volts). ~inu-ts, by measuring the fiuoresccnce voltagc signal rvc derive AN:, from which, 
knowing YI, and T, from Thoinsen scattering data, we call dctcminre the neutral density 
from Gohil's computations. 

Figures 2.26 and 2.27 show the density. ineasuremrn;s rrnade wher EBT-S wzs operat- 
ing at 100 kW of 28-GIlz microwave power. Figure 2.36 shows the neutral atomic density 
measured by the Ha fhorescence technique cornpared with the diagnostic neutral beam 
measurements, which include molecdar as wcII as atomic neutrals, and the Ha spectro- 
scopic neutral density of R. K. Richards. l hc  latter estimates the molecular contribution to 
be onc-tbird of the total density, regardless of plasma conditions. kigure 2.27 shows the 
same H a  flirnrescence data compared with just the atomic neutral denity as determined by 
11, spectroscopy. Note that the abscissa of Fig. 2.27 is ion gage piessure and not absolute 
pressure as in Figs. 2.24-2.26. For the 28-GlIXz data we had Rayleigh scattering data with 
which to calibrate. The Rayleigli scattered signal R N  i s  related :o the fluorescence signal 

FN by 

FN AN<A32Tt.(7i.R2) 

RN NLNN~O'R 
- _________ __ - 

1 
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with E the lastr energy in joules. Since the laser , only NL/2 photons 
contribute to the Mayleigh scattered signal in the obs MN2 i s  the number 
density of nitrogen at which the ~ a y ~ e i ~ h  scattered s s stray light level) i s  
measured, and nR = 2.16 X cm2 is the Rayleigh scattering cross section at 
6563 A- We also had to take into account the fact that the laser bandwidth was 2.51 
measured with a I-m Czemy-Turner spectrograph with a 0.25-A resolution, whereit 

oppler width for the 4-eV neutrals is only 1.1 A. 

2.1.28 

W. A. Davis and R, J. Colchin 

Abstract of Monte Cwllu Neutral Density Calculations for EL 

The steady-state nature of the EBT plasma implies that the neutral density insi 
plasma volume will determine the particle confinement time. This paper describes a 
Carlo calculation of three-dimensional (3-D) atomic and molecular neutral density 
in EBT. The calculation bas been done using various models for neutral source: poi 
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launching schemes, for plasma profiles, and for plasma densities an temperatures. Calcu- 
lated results are compared with experimental observations---psincjpally s ~ ~ t ~ ~ s c ~ ~ ~ ~ ~  
measurements both for guidance in normalization and for overall ~ ~ ~ ~ ~ ~ t e ~ ~ c ~  check. 
Implications of the predicted neutral profiles for the fast-ion decay ~ ~ a s ~ ~ e ~ ~ n t  of n e u f ~ a ~  
densities are also addressed. 

2.1.29 The Absolute Caiibration of All 24 Ion Gages on E 

J. G. Glowienka 

The ion gages on EBT were calihrated absolutely to an accuracy of -+:IO% by means 
of a spinning rotor friction gage and a simple computer code. The ~ a ~ ~ g ~ ~ ~ ~ ~ ~  cavity pres- 
sure is the most frequently changed experimental variable on EBT; yet until rccently, the 
absolute calibration had not been done. Absolute gage calibration was one 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 ~ ~ ~ ~ ~ ~ s ~ ~ ~ =  
calibration, the agreement between the two techniques was well within the error bars of 
t- 10%. 

The motivation to calibrate the remaining gages came from what appeared to be 
aperiodic and puzzling changes in the known EBT operating window as a function of back- 
ground pressure. T&e absolute calibration was extended to ail the other gages by assuming 
that the EBT vessel pressure was constant toroidally with no external gas feed. A dynamic 
test of this assumption was made by valving off all pumping and ~ ~ ~ u ~ ~ ~ t i ~ ~ ,  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 EBT, 
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 gage- ti are 
adjusted to read the same. Fortunately, the absolute calibration of the El gage had been 
done before and after the leveling operations, with the result that the abrupt changes in 
operating space as monitored by gage S4 were directly related to the technicians’ activities. 

In summary, all 24 vacuum gages on EBT have been and can be repeatedly absolutely 
calibrated to &IO%.  An apparent shift of EBT operating space bas been explained by a 
gage deealibration procedure employed to aid leak hunting. 



H. C. M c C d y ,  R. A. Brown, J. W. Lue, I. J. McManamy, S. 5 Shein, and 
C. 1. Wilson 

'Tkc EBI -P superconducting rmgwt developrneiit piograiil w a ~ ,  a Joirid effort by 
OKNL, MDAC, aid GcnesaA JJyriar~ics Convair Division (GD/C) to create the techrricai 
basis for det;ki!cd design and fabrication of thc WW-P mirror magmts, As planned, the 
p i ~ p n  inclrxdad three developnrent magnets, one of v h k h  %as to bc. a prototype for the 
LBT-F devise. 

Followkg curtailmeat of the project, the EET-I' zagnet dcvclopmwt effort was 
refocused to aim diiectly at completing and testing thc devcloment magmts for us(: in  thc 
KFTF (scc Ssct 6 3.2). The 'est facility will us? 6~ of the magcets, and the third wi!l be 
a spars. 

'I K'S inagnct tests of devcloprncnt magnets D 1 a d  T,2 were conp1ctT.i successfully in 
Aprd 1954. Thc niagpt?? w r x  energized three times to 1200 A, piohcing a pezk ficEd of 
5.1 r at thz co;1&~ctc1r and an out-of-plane mechanical load of 73,000 Ib on cach magnet, 
which is considerably higher than thc rncchanieal leading zxpcctcd in RFTF service. Mca- 

e tr7 p0-J ~grcemerrt with predictions, and thc n~agmeta opxdtcd stably 
thrstighGUt the tcstb. ' r k  icSEItq arc encoilraging with respect to suitability of th:: magnets 
for Ri- IF; kowc*:er, magnet Dl dcvelopcd a s I vacuum leak between the liquid heham 
3r4 ~ ' 2 , C U l J r S i  r9-g;3llis and must hF, TCpaircd bCfOiG IPSC irS itFpfk. 
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corners to minimix the toroidal effects and thus improve partick confinement Buinpincss 
of the field picvides the equilibrium and drift surface closnre. Reactor projections for EBS 
show that it may be sabstantially smaller (a  factor of 2 to 4) than past EBT designs. The 
continuing trend to smaller EBT reactor systems is sunlmarized in Fig. 2.29 

The urrderlyiimg physical constraint that has severely limited the performance of present 
experiments (EBT-S and Nagoya Bumpy Torus) has been sssociated with poor single- 
particle confinement: that is, large drift-orbit-iradnccd losses. This results from toroidal 
effects inherent in thcss devices that result in substantial direct particlc 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 though innovative coil design and arrangement (as in the Andreoietti torus, known 
as FIHTEC), through localizing the toroidal effects in regions of high magnetic field (as in 
EBS), or through hybridization of the bumpy torus aiid the stellarator [as in the twisted 
racetrack (TRT), ELMO Snakey Torus, and others]. The EBS I S  particularly attractive 
becmse of its intrinsic deirability as a reactor csnfiguratiop (Fig. 2,28) and its ability to 
resolve critical EB’I’ issues for near-term investigation. 
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1 
Fig. 2.29. Trend to smaller EBT reacts~ systems e~ipI~itiedl by 

Detailed calculations in the areas of magnetics, transport, e q ~ ~ ~ ~ ~ ~ ~ u ~ ~ ~  ~ t ~ ~ i l ~ t ~ ~  and 
heating have yielded the ~~~~Q~~~~ results: 

The configurations (EBS, T 
greatly reduced velocity-space loss regions have better use of ~~~~~~~~~ voB 
cantly reduced direct particle losses, more symmetric tential surfaces, a 
microwave heating efficiency. 
In configurations with nearly axisymmetric fields (EBS, TKT), h ~ ~ h - ~ ~ t ~ ~  hot electron 
rings will be much more easily formed with reasonable EGW power, and the rings will 
be well centered, with little or none of the radial broadening that QCCU~S in a convedeli- 
tional EBT. This should make it easier to form an average magnetic well and thus to 
have strong MHD stabilization at high toroidal core plasma pressures and pressure gra- 
dients. 
In configurations with high-field corners (EBS), both the equilibrium surface shifts 
( E  - ~ c ~ / ~ )  and confinement time (7 - M;) improve with the global mirror ratio 
M G ,  which is defined as B,,,,(corners)/es,in( sides). In ~ ~ ~ ~ t ~ o ~ ,  Monte Carlo calcula- 
tions indicate an order-sfmagnitude increase in ~ i ~ ~ u $ i Q ~  ~ ~ f e t ~ ~ e s  associated with sym- 
metric potentials, which are expected in EBS. 

TEC, etc.) with neatly concentric drift orbits and 
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F Fokkeer-Plan& calculatiens show that configurations (such as SBS) in v d k h  the 
hcating e m c  i s  wdl separated from the direct particle loss zone and in which there i s  a 
largc gcomnetric separation between the fundamental and second-harmcnrc resmance 
susfaccs o f  ECI1 h a w  mnrch  low^ ECH-driven losses through unconfined orbits ( 5 -  to 
1 O-Md rcdiiction from EBT) and much higher hcatirag efficiency. 

Thcsc impnsvernents in magnetics, confi'incmcnt, heating, and equilibrium lead to smaller 
rcactoi sizes. Ihc  EBS, along with scveral of the other n@w concepts, shows a rcducticn in 
s i x  by a [actor of 2 to 4, to a major radius of about 15 M, coinpared with valrrcs of 30 to 
60 m for earlicr devices (Fig. 2.29). 

A 15-m-radius EBS configuration was evalaaatcd using thz critcria establisked by the 
pevscpic nxctor study (see Chap 11 of this report). The -essalts suggest that EBS can be 
devclopcd into an attractive reactor with a mass utlization compet:iive with that of other 
attractive fusion ieactor candidates. 

33 2 3  2 

N. A. Uckan, C .  L. Medrick, I). A. Ypong, T. Uckan, L. A. Berry, E. W. Owen, I ) .  K. Lee, 
W. 1:. Bryan, T. J. McManamy, I-'. B. Tiiompson,* and W. L. Wright 

'4b9tP16t of ELMO Bmq5-y S4p@re 

The EBS is formed by four linear arrays of simple magnetic mirrors linked by four 
high-field toroidal solenoids (corners). The @,DS configuration offers a number of distinct 
advantages ovcr a convcntisnal EBT with respect to particle confinement, heating, trans- 
p i t ,  ring productim, and stability. In EBS the. part.ic!e drift orbits are nearly concentric 
for trapped acd passing particles. The velocity-space loss region for transitional particles 
(near the bcundary between trapped and passing zmes) at high esergy is greatly reduced, 
le,adin_a i o  improved volume ntilieation, sigtiificantly rednccd direct ga~ticlc losscs, and 

ased microwave beating efficiency. The combinaitinn of nearly concentric particle drift 
orbits a ~d small radial displacements in the high-field corners gives an order of magnitude 
reduction in neoclassical diffusive losses. The orbits cf the dceply trapped particles (VII /V = 

0 )  arid core plasma prcssurr; surfaces (f d@/B contours) almost coincide and arc centered 
on thc minor axis. Because there is no shift, hot electron rings itrill be exceedingly well cen- 
tered in E X S .  For the same anisotropy (vl/vll) in ESS, there should be little or none of 
the radial broadelling of the ring that occurs in EBT. This should make it easier to form 
an average magnetic well in ERS than in EBT. Detailed calculations in the amas of 
equilibrium and stability indicate that equilibria exist (shifts are smaller in a square con- 
figuration than in a torus), and the stability limits (especially those associated with the 
corners: are no more restrictive than those studied for a conventional EBT. Conceptual 
&,sign of the EBS, involving the niod8fkatkm and reconfiguration of the present EBT 
facility, h a  bcca completed. Wcactor projections for EBS indicate the possibility of a sub- 
stantial reduction in reartor physical s i x  (a factor of ?. to 3)  as comparcd to past EBT 
dccignf: 

'Engineering Division, Martin Masie:tz E~crgy  Systems, Inc. 
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current-free equilibrium configuration is very sensitive to the system magnetic field asym- 
metries (field errors). If these field errors are large enough, they can caiisc field lines to 
spiral out of the confinement volume (enhanced lossz;9), thus degrading confinement. 

We have estimated the maximum tolerable field error 6B/B and the corresponding 
constraint on coil alignment Numerical calcuiatisns of fie!d errors due to single-coil 
misalignments indicate that field line closure is most sensitive to angular rnisalignnients 
(A0 and A4)  Errors in absolute spatial positions havc very little (if any) effect. A 
misaligniriefit of 10 in one coil orientation causes an error ~B/B -- lop4, whereas a 
misalignment of 1 cm in one coil location yields 6B/B - 10-6-10-7. Statistical analysis 
of errors froin N coils (whcre N = N ,  3 Nc, with Ns thc number of coils in straight sec- 
tions and N ,  the nun-iber of coils in curved sections), assuining that errors in all N coil 
alignmerts are randomly distributed in a Gaussian fashion, is in Peasopable agreement 
with the numerical calculations. We define a critical erroi field (6B/B),,, ,  such that if 
65/B > (65/B),r,, the drift surfaces of toroidally passing particles became open. From the 
requirement of closed drift surfaces, we find SSJB < (6B/B),,,, -..e p / ( R , ) ,  where p is the 
L a m o r  radius and p,/(R,) is the average magnetic radius of curvature around the torus. 
For an experimental-size device, the iequired ( s B / w ) , , , ~  -- ( I  3 )  x iop4, and for a reac- 
torlike device, (6B/B),,,i 5- 10 - 5 .  

Next we consider the effect of toioidd field ripple (due to the discrete coils in the 
high-field corners) on t r a n s p i t  In the pr~sc;r;cc of  ripple, thcre is a new class of so-called 
locally trapped particles in. the corners. These particlcs oscillate (are trapped) in the field 
minimum (local magnetic well) hetween coils (those coils that produce the toroidal 
solenoid field in the corncrs) that are localiml in the toroidal direction and experience a 
unidirectional toroidal drift that leads to the iipple enhanced diffusion, Especially in the 
low csllisionality (?/a) regime, ripplc-indcced losses could lead to significant increases in 
diffusion and theamall conductivity a-iid may be the dcterrnining factor in transport of parti- 
cles and eneigy. We have calculated the enhanced transport coefficients associated with 
the ripple-inducej drifts and compared them with the EBT iieciclassical diffusiofi coeffi- 
cient-s to det~rinirne the allowablc range for field ripp!E: magnitude. bor neoclassical losses 
to donririatc (or for ripple losses to be negligible), ripple-induced losses from the toroidal 
solenoid sections shodd be smaller than the neoclassical losscs from the straight sections. 
In simplest form, the diffusion coefficient associated wit11 ripple is D' - 6 3 1 2  2 vd/u, w h e ~ e  

i s  the ripple well depth, Vd is the toroidal drift velocity, and u is the 90" collision fre- 
q u e ~ c y .  The neoclassical diffusion coefficierat (in the collisionhs regime) for EBT is 
DNC -- ~ ( v d f l ) ~ ,  where 2 is the precessional drift frequency. For D6 < DMC, we find 6 < 
( v / Q ) ~ / ~ .  Foi v / Q  -- 0.1, representative of existing experiments, the magnitude of the rip- 
ple well, dcpth should be only a few percent to prevent rippli: losses from dominating. For 
very low collision frequencies ( u / Q  - 0.01, representative of reactorlike plasmas), 6 must 
be <0.5%. These estimates for ripple mzgnitude are samewhat pessimistic because we have 
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neglected ( I )  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 Calculations for an EBS 

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 (<5700). The magnetic forces acting between coils are comparable with those 
encountered in the EBT-I/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 &he global mirror ratio on 
EBS. 

'McDonnell Douglas Astronautics Company, St. Louis. 

2.3.5 Abstract sf An EBT Reactor Systems Analysis and Cost Code: 
User's ~ u i d e  (Versim 1,P 

R. T. §antorot, N. A. Uckan, J. M. Barnes,? and D. E. Driemeyerg 

eactsr systems analysis and cost code that incorporates the most recent 
physics has been written. The code determines a set of reactors that fa11 

within an  allowed operating window determined from the coupling of ring and core plasma 
properties and the self-cornsistent treatment of the coupled ring-core stability and power 
balance requirements. The essential elements of the systems analysis and cost code are 
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 

d the' operating range over which the code provides valid results are discussed. A 
sample problem and the interpretation of the results are also presented. 

* -  engineering Physics and Mathcmatics Division. 
+C.>,r;mting and Telecommunications Division, Martin Marietta Energy Systems, Inc. 

SMclhmrla huglas  Astronautics co., St. Louis. 
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3. ATOMIC PHYSICS AN 
DEVELOPMENT 

SUMMARY OF ACTIVITIES 

The activities within this program are divided between atomic collisions research and 
plasma diagnostics development. The majority of this research is supporte 
ORNL Fusion Program but i s  carried out within the Physics Division. 

important in determining the energy balance and impurity transport in hig 
plasmas and in diagnostic measurements. This activity is not directed towar 
fusion device but concentrates rather on developing a better basic understanding 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 rcle 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 Bower 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 exgeri- 
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 a h  Center, whish 
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 optically 
pumped, continuous-wave, far-infrared laser systems during the past year. In addition to 
density measurements via interferometry, Faraday rotation of the polarization of 
subniillinieter-wavelength laser radiation has been developed as a probe of plasma mag- 
netic fields. Full simultaneous five-channel operation of the interferameter/polarimetcr 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 inter- 
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 

The experimental atomic collisions research focuses on inelastic processes that are 

3-5 



3-6 

study of the feasibility of pulsed CQP, laser ‘I’honnson scattering as a diagnostic for fusion- 
produced alpha pariiclcs in ignited plasmas was completed, and work on thc develoyrnint 
of this diagzrnstic was initiated. The Diagnostics Devclopment C~rrtcr has continued to 
identify and evaluate both thc need and thc potential for particular new plasma diagnostics 
and to participate in selecting them and initiating their development in universities and 
industry. A subcontract was awarded to dcvelop a diagnostic for the measurement of static 
and time-varying electric fields in plasmas. 

3,1 ~~~~~~~~~~~~~~ ATOMIC COI,I[,ISIONS 

F. w. Meyer and J. w. Sale 

Construction and installation of the electron cyclotron resonance (ECR) multicharged 
ion sourcc was completed on schedule early in FY 1984. Although the ECR ion source was 
designed for operatiou at 10.6 GHz, initial source testing was carried out at 2.45 CHz in 
ordcr to gain experience in source operation before the 10.6-GIIz microwave amplifies was 

During the initial testing phase at 2.45 GMz, X-ray measurements of the brems- 
strahlung sptctrutrr prodarced by the source provided evidence of ECR heating of electrons. 
A calilPsnte3 Si-Li X-ray dctecbor indicated electron energies up to 160 keV. FslBowing 
construction and installation of the beam line and charge analyzer in March 1984, source 
performance could be asscssed more directly by measuring charge-state distributions of 
extracted beams. Even at the lower microwave frequency, fully stripped carbon bea 
obtained; these were used to initiate the first planned experiment involving the new sourcc, 
total cross-section measurements of elcctron capture by fully stripped light ions incident on 
atontic hydrogen, Operation of the source at its desigo frequency of 10.6 GHz started on 
schedulc in June 1984. Since that time, efforts toward source optimization have been car- 
ried out in parallel with the cross-section measurements. 

The salicnt features of the ECR isn SQLKCX, shown in Fig. 3.1, are smmarized in 
Table 3.1. The source consists of two stages and is quite similar in size to 
MINIMAFIOS.’ The first stage, which supplies plasma to the second stage to facilitate 
startup, is operated in overdense anode.* A helical slow-wave la.mncloer3 is used to inject 
2.45-GIIz inicrowaves into the first stage, which is located in an axial magnetic field of 5 
to 7 kG. Plasma density i s  ~ontl-olled by the microwave power level and gas pressure, 
which varies in the range from torr. Since microwave absorptiofi in the first 
stage i s  oonresonant, the magnetic field can be tuned to optimize second-stage perfor- 
nnance. ’The second stage i s  separated from the first stage by two stages of differential 
pumping, which is sufficient to maintain low pressure ( loA6 torr) in the second stage dur- 
ing so~irce operation. 

to 10 
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Micrsvaees 

First-stage 2 . 4 5 - G H ~  power, W 

Second-stage I0.6-GHz power, W 
(300 W niax) 

(2200 w max) 

Magnetic fields 

Mirror radio 
Mexapole field at vacuum wall, T 
Field in extraction plane, ‘F 
Field in first stage, 7‘ 
Total solenoid power, kW 

VaCUUII-4 

(operating condition) 

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

( I  x 10-’-torr base) 
Extraction, torr 
Beam line pressure, torr 

( 2  x 10 +-torr base) 

Solenoid ID, cm 
SQlCraSid on; cm 
Hexapole ID: crn 
Hexapolc length, cm 
Vacuum wall ID (second stage), cm 
Anode aperture, cm 
bxtraction apcrtixre, cm 
Extraction gap, cm 

50-200 

20-800 

1.6 
0.4 
0.45 
0.5-0.1 
60 

(i---io) x 1 0 - ~  

(1-6)  x 10-6 
1 x io-? 

2 x 10-8 

18 
40 
9.5 
33 
8.6 
0.5 
0.8 
2.6 

In the second stage, e!ecteom confined in a minimum-B configuration are heated by 
resonant ahsurption of 10.6-GMz microwaves that are injected radially imniediately follow- 
ing the differential pumping sectien. The minimum-B configuration is produced by the 
siqmposition of an axial mirror field and a radial hexapole field. Three conventiona! 
water-cooled solenoids arc used to establish the axial magnetic The hexapole field is 
produced by a compact a s ~ e m b l y ~ . ~  of SmCo5 permanent magnets positioned around the 
cylindrical vacuwn wall of the second stage. The permanent magnet assembly is cooled by 
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water circulatio~ through the voids created hetwtmen c y ~ ~ ~ ~ r ~ c ~ ~  vacuum wall and the 
duodecagon defined by the placement of the SmCos bars. 

source divides into three sections, eac of which is separately senpporte 
rolled freely on, precisiota tracks. The hree solenoidal field coils are su 
lar track structure and can be moved freely about to expose otherwise ~ n a c ~ e s s ~ b ~ ~  source 
parts during source disassembly or to change the axial mirror ratio in the secoiad stage 
while the source is fully assernbkd. 

Ton extraction is acccmplished by a threeelement extraction electrode, the first two 
elements of which can be biased ~ n a e ~ e ~ d e n ~ l y  fops ion focusing and prevention of electron 
backstreaming. The positions of the anode and the extraction electrode and the size of the 
extraction gap itself can be varied by the use of shims, An electrostatic unipotential lens 
operated in "accet" mode6 images the extracted bean onto the entrance slit of a $ t i ~ ~ r ~ ~ t ~ ~  
98" magnetic charge anal 
assembly i s  located about 1 
tances for the 90" magnet are SO cm. Retrac 
the entrance and exit slits are used to- measu 
selected beam i n t e ~ s ~ ~ ~ e ~ ~  respectively. Both entrance and exit slit asse 
independently adjustable ~ ~ ~ ~ ~ ~ ~ t a ~  and vertical slit jaws, 1s which current can be mea- 
sured. An electrostatic quadrupole lens located ~ o w ~ s t ~ ~ ~ i n  of t e exit slits can be us 

srt the charge-selected beam to experiments req iring ~~~~~~~~ beam intensities. 
efose the I0.6-GHz microwave system was elivered, the ECR ion source was 

operated at an interim frequency of 2.45 GHz. In order to maintain roughly the same ratio 
of hexapole to axial magnetic field slrength at the low ~ ~ e q u e ~ ~ y ,  only 6 of the 12 
SmCoS bars were used, reducing the strength of the hex le by a faactor of 2, An a 
tional 25% decrease in hexapole strength was obtained y s ~ ~ ~ ~ ~ n g  aut the bars to t 
maximum radius, d ~ ~ ~ r ~ ~ ~ ~ ~ ~  by adequate clearance to t 

Operation of the S O U P G ~  at the lower frequency was far from 
poor coupling between the ~ ~ ~ o n ~ - s t a g ~  plasma and the 2.45-G 
their longer waveleng 
wave absorption see 
second stage, which is furthest re oved from the extraclion region. Even in h i s  IPlOdG, the 

I., 
PIG ion source. Figure 3.2 shows a typical charge-state ~ ~ ~ ~ r ~ b u t ~ ~ ~  for argon source gas 

In the ~ ~ c ~ ~ n ~ c ~ ~  design, care was taken to ensure ease af assembly and access. ?' 

y cups located ~ f ~ ~ ~ ~ ~ a t e ~ y  after 
currents and ch 

solenoidal field ~~~~~~~~~~~ 

an!y a few modes propagated in the s e ~ ~ ~ - s ~ ~ ~ e  c 
to occur ~ ~ ~ f e r e n t ~ a ~ ~ y  on the ~ ~ ~ c ~ o ~ ~ a v e  i 

is frequency. For Bight-ion production, beams up to 
up to I-1-like 0 A) were produced at the lower fr 

Significant ~ ~ p r o v e ~ ~ e ~ t  in source ~ r ~ ~ r ~ a ~ ~ e  was obtained, as e 
lation of the 10.6-GHz microwave system, in terms of both total extr 
and mean charge state of the extracted beams. Microwave 
cally, as evidenced by very low reflected power ( t ~ ~ ~ c a l l y  less than 141%) 
operation, Optimum cbarge-state ~ ~ s t r ~ ~ ~ t i ~ ~ s  were obtained for a seton 
ratio of about 1.6, s ~ ~ n ~ f ~ c ~ ~ ~ t ~ y  below the 2.1 mirror ratio attainable at ma 
stage field coil separation. Figure 3.3 shows a mcasured charge-state d ~ ~ t r ~ ~ ~ ~ ~ o ~  obtained 
for argon with the source operating at 10.6 GIiz. As noted by other w o ~ ~ ~ r s ~ ~ ~ *  an admix- 
ture of O2 was found to s ~ ~ n i ~ ~ ~ a n t ~ y  increase the argon ~ ~ ~ ~ - c ~ ~ ~ ~ ~ - s t a ~ ~  output of the 
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source:. Production of light-ion beams has yet to be optimized. So far, I3C, "N, '*O 9 9  19F 
and 22Ne beams have heen obtained, with intensities varying from a fcw microamperes for 
charge states up to and including I-Ie-like ions, about 0.1-1 pA for 11-like ions, and 
1-50 1~4 for fully stripped ions. 

F. W. Meycl-, C .  C .  Havener, A. M. Howald, and R. A. Phaneuf 

Messursments of total electron-capturc cross sections for fully stripped and H-like C, 
N, 0, F,  and Ne ions incident on H and H2 have been performed in the energy range from 
0.3, to 10 keV/amai using ion beams produced by the new ECM niulticharged 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 the range of operating parameters and capabifities of the 
new source. 

RNL, atomic hydrogen gas target, a directly heated 
tungsten tube in which molecular hydrogen is ~ ~ e ~ a ~ ~ ~  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 ~ollision target cell, charge analysis occurred in an electrostatic parallel-plate 
analyzer. A siagie channel electron multiplier (CEM) operated in pulse-counting mode was 
employed for particle detection. ‘The electron-capture-signal and primary beams were 
measured alternately for a preselected number of cycles under computer control; the total 

The experiment employed the 
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clectron-capture cross sections were deduced from thc fraction of ions tha t  capture an elec- 
tron a t  a kriowli (calibrated) target thickness. 

Figure 3.4 shows typical experimental election-captiare cross-section rcsdts obtained 
for fully stripped and H-like oxygen ions incident on atomic arid molccu~ai hydrogen. T h e  

ORNL -D W 6 8 4 - 16 705 

12 r 
F, 
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I 8 -  
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a -  
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L .t = g  0 2 -  
3 0 

O L  1 L 1 i i l l 1 1  ~ 1-1 1 1 1 1 1 d  

0.1 1 10 
Energy  (keV/nmu) 

Fig. 3.4. Total electrow-capture ECQSS seations for Os+ and 07' 
d %I2 vs energy. Solid and open squares- present results; 

solid line. '40 calculation by Fiitsch and Ein (ref. 9); dashed line: MO 
calculation by Shipsey et al. (ref. 10); chain-dw,hed curvc: multichannel 
I andau Zener calculation by Janev et a1 (ref. 12); data points without 
error bars. msasurernents by Panov et al. (ref. 13). 'I'heoretical calcula- 
tions are for + H collisions. 
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error bars shown reflect rdndorn uncertainty in terms of r e ~ r o d u ~ ~ ~ ~ ~ i t y  of the measure- 
ments at two standard deviations. Systematic uncertainties are estimated to he +9% for 
both the M and IJ2 cross sections. Present results are compared to theoretical pre- 
dictions' l 2  and to measurements of ~ a n o v  et a1.13 

In the c a s  of the lully stripped carbon, nitrogen, 2nd oxygen projectiles incident on 
hydrogen, the present measurements cars be compared to theoretical calcralations. Very 
good agreement is found between the present results for C", N", and 

close-coupling calculations of ~r i t sch  and Tin9 employing a modified 
) expansion. While these results Fall systematically F ~ & w  the A 0  calcu- 

lations, the discrepancy is less than 20% a t  energies above 1.5 keV/amu and approaches 
40% at the lowest energies measured. For C6+ and 0" incident on hydrogen, close- 
coupling calculations by  ree en et a!."' an Yhipsey et d.,' ' respeetivcly, employing a 
molecular- orbital (MO) expansion are also in reasonable accord with the present results 
The MB results lie systematically above the A 0  calculations by about 10% above 
1.0 keV/arnu and by as much as 4 5% at 0.2 keV/amu, 

An interesting comparison can be made between the total electron-capture cross sec- 
tions for fully stripped projectiles of nuclear charge Z and those for PI-Bike projectiles of 
nuclear charge .Z f 1. It is observed that the cross sections for the pairs of ions C6+ and 
N6'-, N7 ' and 07", 08'- and F", and F9' and Ne9' 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*O0'' ' that, for the fully stripped ions, electron capture 
occurs preferentially into high rs level (n 3 4). The presence of a tightly bound electron in 
the ionic cote should have only a niininial effect on the behavior of the electronic wave 
function of these highly excited states. The interesting question of how many electrons can 
be added to the core before an effect is  observed in terms of the total electron-capture 
cross section will be addressed in future experiments. 

C. C ,  Havener, H, F. Krause,* and R. .4. Phaneuf 

An ion-atom merged-beams has been developed to nieasure the total 
elect ran-capture cross sections for collisions of ~ u l t i c h a ~ g e d  ions with hydrogen at energies 
in the range 1-500 eV/amu. Our aim is to extend to lower energies previous measurements 
made at ORNE using a pulsed laser source." ~t such low energies, theoretical models 
remaio esse;atially untested. In some rnulliply ionized systems, an orbiting mechanism i s  
predicted brg give very Barge electron-capture cross sections with a 1 /v velocity dependence. 

The c-xmnl  arrarngement of the apparatus is shown in Fig. 3.5. A 2- to 5-kV, mass- 
analyzed beam of from a duoplasmatron ion source passes through the optical cavity 
of a 1.@6-pm, I"$d.YhG laser, where up to I kW of circulating intracavity power is main- 
tained. Up to 1% photodetachment has been achieved, producing a collimated flux of up to 
2 X 1Q12 EI' per second. The undetached 13- beam is electrostatically separated from the 
neutrals and collected in a differentially pumped beam dump. The apparatus has been 
operated of) line using the ORNE PIG multicharged ion source, wbic has produced a 
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highly collimated 200-nA beam of N3+ at 314 keV. This N3+ beam has been successfully 
nicrged with the EH' beam in the X I - G ~  ultrahigh vacuum merge path ( p  = 5 x 
lo-'' torr). A t ~ o " d ~ ~ e n s ~ o ~ a 1  scan of the spatial beam overlap at one position in the 
inerge path is generated by a commercial rotating-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 accurately ~ ~ a ~ ~ t ~ ~ ~ e ~ .  The ions are then magneti- 

erged, separating the IC$+ from the Pt9 the N ~ + ,  an the neutrals. Signals in 
tector resulting from the beam-beam interaction have been observed a b ~ v e  back- 

ulating both the N3+ and H0 beams. T est: beam-heam signals are only 
about 10 Mz, compared to W kHz due to the 1-1' being stripped on background gas and 
1 k ~ z  due to photons emerging frtc9m the WQ' ~ a r  

~ ~ ~ f ~ c ~ ~ ~ ~ ~ s  that are under way are expect ifiieantly inaprove the signal-to- 
noise ratio. The gas load f fom the ~ ~ ~ ~ ~ ~ a s ~ a ~ ~ o ~  ion source will be further decoupled, 
reducing the pressure in the merge path, and therefore the 8-kHz haekgro 
stripping, by at least a factor of 2, 'The W' signal beam will be focuse 
calBy deflected out of thc plane of magnetic dispersion, ensuring detectio 
nnl and eliminating the I-kHz ~ ~ c ~ g ~ ~ u n ~  due to photons produced in the ~ ~ u ~ t i c ~ ~ ~ ~ e d  
ion cup. With this decolapl g of the H' detector from the photon background, only the 
N ~ +  beam need be chopp to separate the signal from the background, thereby halving 
the time required to acquire reasonable statistics. ithiri a few months these modifications 
will be complete, and the apparatus will be ready for more definitive cross-section mea- 
surements. 

'~hysics  Division. 

3.1.4 ~ ~ ~ ~ ~ ~ ~ n - ~ ~ ~ ~ c ~  ~ Q ~ i ~ ~ ~ i ~ n  of 

11. C .  Gregory and A. M. Howald 

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

beams were obtained from the RNL PIG r ~ ~ l ~ ~ c h ~ r ~ e ~  ion source, All 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 -c- 8%. Typical relative uncertainties (due mainly to signal-counting statistics) are 
shown in the figures, 

The cross section for ionization of Cu2+ (Fig, 3.5) is typical of the measurements for 
copper and nickel reported here. The data are compared to predictions of the three- 
parameter Lotz semiempirical formula'8 and distorted-wave calculations. l9  The latter pro- 
vide a reasonable prediction for the single-ionization cross sections for Cu2+, Cu'", and 
Ni3'. In each case, the Lotz prediction for total ionization is somewhat higher than the 
measurement, even taking into account the expected effects of multiple ionization. At high 

Details o'f the electron-io crossed-beams apparatus have been pub~ished. 6,17 ion 
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Fig. 3.6. Ekctros-impart ioaizstinao of Cu2 . The circles and squarcs present near- 
threshold data with ion beams having differcnt metastable ion content. A typical absolute uncer- 
tainty at good confidcnce level is plotted near 200 eV. The theoretical predictions are from the 
three-parameicr Lotz formula for 3d ionitnt ion (dashed curve. ref. 18) and the distorted-wave 
calculations of Pindeula et al. (ref. 19). 

enzrgics, the two calculations converge with the data in each case, 111 the Cu2’ measure- 
ments, a significant contribution to thc cross section is observed below the ground-state 
ioniation 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 
measurcments for two ground-state/inetastable ratios are plotted. In general, for ionization 
of Cii2+, Cu3*, and Ni3 ‘ , we conclude that distorted-wave direct ionization calculations 
give a reasonably accurate representation of single ionization. No large indirect ionization 
cnntribiitinns are observed. The three-parameter Lotz formula. although riot 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 ionization of Sb3+ has a con- 
siderable contribution from indirect effects (Fig. 3.7). The indirect ionization, contributing 
up to 45 X 10- l e  cm2 to the total cross section, is mainly due to nom-dipole-allowed exci- 
tation of inner-shell electrons to autoionizing states. The cross section for this type d tran- 
sition increases abruptly to a maximum at or just above its threshold energy but has a 
much faster falloff with increasing energy ( 0  a 1/E) than does direct ionization (c a 
In E / E ) ,  so that its signature is a %inipn superimposed on the direct cross-ssction curve. 
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This measurement w a ~  undertaken as a check of detailed distorted-wave, indirect- 
ionization calculations that predicted the observed feature2' 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 cornsnun- 
ity for electron-impact ionization of multicharged 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 

A. M. Howald, D. C.  Gregory, D. H. Crandall, and K. A. Phhaneuf 

Single, Double, and Triple Electron-Impact Ionization of Xe6+ 

Electron-impact ionization of xenon ions bas 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 Xe6+ (ref. 21) and Sb3+ (ref. 22), which is isoelectronic with Xe6+. 
The xenon isonuclear sequence and the In+, Sb", 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 Xe6' was studied from yet 
another point of view. Measurements were mads: of the cross sections for double and triple 
ionization of this ion. Thc processes are 

and 

e -+- xe6+ - Xe9f -f-- 4e , 

and the cross sections are denoted by a68 and a699 respectively. 
The results of these measuremrnts are shown in Figs. 3.8 and 3.9, with the previously 

mcasured cross for single ionization of Xe6+ (dcnotcd by a67) shown in Fig. 3.10 
for comparison. The peak of U67 is roughly an order of magnitude larger than the peak of 
U68, which i n  turn is roughly an order of magnitude larger than the peak of 669. As 
expected, the successive ioniration thresholds increase along this sequencc 

The dashed line in Fig. 3.10 is an estimate of the cross section for direct single ioniia- 
tiori of Xe6 '- from the semiempirical formula of Lotz. The actual cross section is much 
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Fig. 3-83. Double ionization of Xe6 ' by electron inaipmt. The dashed line i s  the Lotz formula 
estimate for direct single ioniiation of an inner-shell 4p or 4s cl- Lctron. 
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Fig. 3.9. 
estimate for direct single ionization of an inner-shell 3d electron. 
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Measmed cross section for single ionization of Xed+ by 
electron impact. The dashed line is the Lotz formula estimate for direct 
ionization of an outer-shell 4s electron. 
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Fig. 3.10. 
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larger as the rcsdt  of ionieation by mechanism other than direct ionimtion, especially 
electrtx-impact encita tikan of an inner-shell electron followcd by autoioniLation. 

Single direct ionization of an inner-shell electron of Xe6+ can also lead to production 
of Xes'  or Xe9' if the Xe7+ is produced in a multiply cxcited autoionking level. For 
example, collision of an election with Xe" (4p64d05s2) can remove an inner-shell 4p 
electron to form xe7 + (4p54d05s2), *.v~?ich can subsequently autoionize to form Xes+ 
(4p64d") A numben of calculated energy levels of various ionization stages of xenon are 
shown in Fig. 3.1 1, along with some autoionizing  transition^.^^ 

In Fig. 3.8 the dashed line is the sum of the Lotz estimates for direct single ionization 
of Xe6' 4p alzd 4s electrons. The resultirig Xe7+ ions are in autoioiiizing levels. Hence 
(assuming a branching ratio near unity for autoionizdion vs radiative stabilization), this 

5 8  
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gives an estimate of the double-ionization cross section due to the process sf single diree: 
ionization followed by autoionization. Similarly, the dashed line in Fig" 3,9 is the Lotz est1 
mate for single direct removal. of a 3d electron from Xe". In this case the resd * 

excited Xe7' has sufficient potential energy to doubly autoionize to form Xe". 
The double-ionization cross section (Fig. 3.8) calculated [or this ~ ~ ~ h ~ ~ ~ ~ s ~ ~  is 

in magnitude to the measured cross section (within a factor of 2) but has a thsesbokl value 
higher than the experimentally observed ionization onset. For triple 1izatinn (Fig. 3,'8), 
the h t z  estimate of the cross section for the mechanism of 
lowed by double autoionization also has the correct magni and has a predic 
threshold that is higher than observed. 

0 ther higher-order mechanisms must bc responsible for the observed nonzero cross 
sections below 240 eV and 760 eV in Figs. 3.8 and 3.9, respectively, 'These are at least f m c  
possibilities: direct multiple ionization; electron-impact excitation, followed by elouhla: 0; 

triple autoionization; direct single ionization, accompanied by the s i ~ ~ ~ t ~ n ~ ~ ~ ~ ~  excitati 
of a second electron; or multiple excitation in a single collision, followed by ~ ~ t ~ ~ ~ o n ~ ~ ~ ~ ~ ~ ~  
Direct multiple ionization of Xe6+ is expected from the classical binary encounter approxi- 
mation (BEA) model to be of negligible importan The other tbeee pro-cases have DO: 
been studied in detail and are not yet well unders . Our e~~~~~~~~~~~~ results offer "1- 
triguing evidence that one or more of these processes can play a sigmificsriat role in 
electron-impact multiple ionization of multiply charged ions. 

3.1.6 New Electrop-Ion Crossed-Beams Apparatus 

D. C .  Gregory and F. W. Meyer 

Since 1977, electron-impact ionization cross-section measurements have been C Q ~  ~ 

pleted at ORNL for some 44 different ions with initial charges ranging from 24- through 
5 t and spanning the periodic table from boron to t a ~ ~ t a l u m ~ ' ~ , ' ~  These total cross-scctiop 
measurements for single, double, and triple ionization have all used the 
source and crossed ion-electron beams a p p a r a t ~ s , ~ ~ , ' ~  With the #~~~~~~~~ of the new 
ORNL ECR ion source, our capabilities for producing multichar ion beams now extend 
to considerably higher ionization stages. Since some aspects of existing apparatus are 
inadequate for operation with more highly charged ions, the experiment has keen re- 
designed. 

Electrostatic separation of ion beams by charge state is difficult to achieve, In ti 

crossed-beams ionization experiment, as little as 1 part in IO8 crosstalk between exit cltaan- 
nels produces an intolerable background level, and separation becomes ~ ~ o ~ r ~ ~ ~ ~ v ~ l ~  more 
difficult as the charge increases and the ratio of initial to final charge appro 
addition, low-noise electrostatic analyzers must usually be mechanically a10 

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 a ~ r ~ ~ g e ~ ~ ~ t  t h ~ ~ ~ ~ ~ ~  the 
interaction volume in the center o f  the electron gun. The combined beam, containing the 
primary ions and further ionized signal ions, then enters a double-focusing analyz 
net, which disperses the beam components by charge state. Signal ions are 
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through 90" and focused into a CEM. The ion optics are designed so that the crossed- 
bearns interaction region is imaged onto the signal detector with unit magnification. The 
primary ion beam is trapped in one of two movable, guarded Faraday cups, depending on 
the ratio of initid to final charge for that particular experiment. Deflection plates and 
einzel lenses are provided as diagnostic tools, both in the main interaction chamber and 
irnmtediately befirsre 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 arc planned for early 1985. 
The next phase in the development of the crossed-beams apparatrrs will involve redesign or 
replacement of the existing magnetically confined electron gun to extend the available 
range for reliable measurements to electron energies greater than 1 3  keV. 

3.1.7 for the Extreme Ultraviolet 

P. M. Griffin, C .  C .  Wavencr, and J. W. Johnson' 

A light source using bremsstrahlung and transition r a d i a t i ~ n ~ ~ , ~ ~  generated by 
kiloelectrot..-volt electron impact on rnetals 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 extreme ultraviolet (EU'V) spectral region. Its spectral 'radiance is character- 
ized by a few easily measurable and controllable electrical, mechanical, and chemical 
para metcrs. 

The essential elements of the lamp ace the straight edge of an ohmically heated, 
O.12-mni-thick, tungsten cathode and a flat metal anode. A well-defined thin sheath of 
~ ~ l ~ ~ e ~ t r ~ ~ - v ~ ~ t  electrons is electrostatically drawn from the hot edge of the cathode 
located -0.18 mm from and perpendicular to the anode target. At the intersection of the 
flat sheath of impinging electrons and the flat anode, a 6-rnm-iong, narrow, luminous line 
is generated. 

An example of spectrometric measurements of radiation generated by the prototype 
source i s  shown in Fig. 3.13. It should be noted that at each spectrometer setting, 
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Fig. 3.13, Spectrometric measurement of the SXR and EIIJV light generated by 1.W mA of 
3,00-keV electrans incident ON a tantalum target in the prototype radiometric source. Data are from 
a stepwise scan with a 2.2-m, grazing-incidence spectrometer. The dispersed light was detected with 
a ZnO-Ti02 ceramic CEM. The spectrometer entrance slit subtended a 0.OBS-st solid angle at the 
source. 
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corresponding to a given valw of mX, scvcial discrete portions of the output spectrum are 
sinlulidilzousiy sampled. rhe emissions fiolrl wavelength intervals ( A ~ A / ) ? )  A wide, cen- 
t r x d  at wavelelmgths (m/n )  A, contribute to the measured signal at that setting. Relatively 
high spectial order numbcis n must be considered because, for h igh - l  metals, $rems- 
strahliang and transitioi? radiation intensities vary as A p 3  and respectively. The 
amihar of spectral ordex obscrved is limited by the product of the short-wavelength 
cutoffs of thc grating apt' detector efficiencies. The cfidulations in the data in Fig. 3,13 are 

riited for in terms of the dropping-out rate of thc; highest integral spectral orders in 
piwwding to smaller values of m X .  

h s  this source is operated, bremsstrahlung, gencratd :is the penct;ating clcctrons arc 
dbcc!eiatd or dcflected below the surface of the targct, :s the principa: light-emitting 
mechanislii for the continuum a t  wavelengths less than -450 A. Of particular interest is 
tllc lamp’s scalable emissiorr in the overlapping SXR aiid EUV spectral regions, as 
displayed Fil Fig. 3.14. Th:: spectrometer was set to sinmrilianecxs!y sample the emissions 
from 7.5-, 3.8-, arid 2 5-A intervals in the r:ontinuum obser ,lL 90, 45, a d  30 A, respec- 
tively. As enpected, according to the theory of hrernsstrah the csnibiried signals scale 
ivitii deciion current at  four representative electron energies. l h e  utility of this lamp as a 
prar tical standard is indicated by the fact that statistically acceptable data were obtained 
with ndy 10-s integration times and electron heam powers of only 2 to 15 W. 

At waveleagths longer than -450 & transition radiation should be the dominant 
light-zmitting 1ili@chaiiisrli in the lamp. Phenomenologically, this radiation is a consequence 
of the collapse of thc dipole field, produccd by the approaching election and its positive 
imagc c h a r g ~  ilr the metallic target, as the clectran “tiafisits” through thc vacuum-target 
interfcce The Fourier tramfoi-m of the resulting electromagnetic pulse is a “white” fre- 

spectrum. rlie optical constants of whatever material exists at the surface charac- 
tcrkc this radiation, rather than the bglk properties of the target. A reproducible surface i s  
sclf-maiiltaiiicd if the source is operated at an adequate ekctron-beam areal power density., 

Iiivestigations of the transition radiation component of the lamp’s ennlssion have been 
hz rnpercd by thc overlapping of high spectral orders of shorter-wavelength bremsstrahlung, 
Solutions to this problerci are being sought through the use of combinations of thin metal- 
foil spcctrd filters, which effect appropriate transmission “windows.” 

Ar i-~proved mode! af‘ the source and vaci-ium systen has been designed and built and 
should perinit opeiabian at electron energics greater than 10 keV. This will permit genera- 
tion of transitiofi radiatiorn of much longer wavelength. In addition, wit11 the resulting 
c B rexter electron pcnctration dcpbhs, the brcmsstrahlung will be complctely absorbed before 
it cant emerge from within the target to proceed to the spectrometer. This techni 
permit, where applicable, less complicated prsccd~~res for studi~s of the transition radiation 
cornponefib of the lamp’s cnissions. 

- 

‘Physics Division. 
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accelerating voltages of 2. kV, The least-squares fits of the signals with 
current had standard deviatians of 32, 31 ,  49, and 61 c~utits per 10 s, respectively. The highest 
current measurements at 4.00 and 5.00 kV were excluded in the fits &:cause their ~ ~ ~ i ~ t ~ ~ ~ s  
were greater thari the 3~ error bars shown for each line. 

3.2 ATOMIC THEORY 

3.2.1 Low-Euergy Charge Exchauge 

C .  Sottcher and T. G. Heil 

We have continued our studies of electron capture from ~ ~ d r ~ ~ e ~  atoms by ~~~~~~ 

stripped ions using expansions in one-electron molecular eigenstates and a fully ~~~~~~~ 

description of the nuclear motion.29 When tbe adiabatic tentiaj. energy ~ ~ ~ ~ c ~ i ~ ~ ~ ~  a 
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coupling matrix elements have been calculated, we can solve the resulting coupled @qua- 
tions with  me facility, using fully vectorized programs developed for the Cray-l arid 
Cray-1 S .  

In the past year, we have moved on to study inorc highly ionized projectiles, notably 
the 8+ isoelectronic sequence. Some results on 08' and Ar" are shown in Fig, 3.15. We 
hope to study several members of this sequence with larger basis sets in order to makc 
comparison with measurements in progress using the new ECR ion 

Since we now routinely include ar states in our basis sets, we have found a number of 
cases where 0-m couplings affect the charge capture cross section by more than 30%. Fig- 
ure 3.16 shows results for C4+ and O6 '- projectiles. In the case of C4 '- the disagreement 
with experiments' 5*31  appears to havc worsened, a situation that merits further study, 

We are, allso pursuing the more fundamental objective of a very accurate calculation 
on B5' + H, in which translation factors are 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 elements. 
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~ y ~ r ~ ~ e ~  ottgms;~ Solid lines: calculated with a basis of three and three T 

states; open circles: measurements of ref. 3 2  on c4+; open triangles: meas- 
UrWXnkS Of ref. 32 OK1 

C .  Griffin, and 

tween 1980 and 1983 we developed a program ackage to calculate distorted-wave 
sections with intermediate coupling w e ~ ~ ~ ~ t ~ o n ~  base 011 a single con- 

figuration of Martree-F'oek orbitals. The structure eigenvectors and radiative branching 
ratios (for autoionizing states) are obtained from the kos Alamss atomic structure package 
developed by R. W. Cowan. 

In the past year we have added codes to calculate direct ionization and diekcttronic 
recombination. These codes are stiU based on Martree-Fock orbitals for hound states and 
distorted waves for c Q n i ~ ~ ~ ~ ~ ~  states, bot they use "cofifiglaration-averaged" approxima- 
tions in the structure calculations. They are well suited to surveys of, for example, isoeliec- 
tronic sequences, and we can study in mor(: detail individual cases in which a breakdown of 
the a ~ ~ r o x i ~ a t ~ o ~ s  is suspected. 

At the same time, a major effort has heen devoted to extending the excitation code to 
handle configuration- interact^^^ wave functions that describe effects omitted by single- 
configuration Martree-Fock lheory -in particular, coupling between almost degenerate 
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configuration. in thc lk t r ee -Fock  sea (e.g., 3 ~ ~ 3 p ? , 3 p ~ , 3 p ~ 3 d ~ )  and pdir excitationb out of 
the sea (3d"~,3d84f2). 'The process of checkiiig these ncw codes is almost complete, and 
application to transition metal ions wil! be in& in the near future. 

We havc bccIi able for somc tiiiic to perform close co:ipling calculations, hut progress 
011 thc compkx targets WE art: interested in has been hirndeic,d by- the lack of an efficient 
angular mioi1itr-8 in? dlgehra package in other grolqs as well as a i r s .  This defect ha< heen 
reiiirdicd by adapting our distorted-wave algebra paekige, and pilot calculations are in 
progress. 

Particular applications of these codcs arc dcacciheil iri Sects 3.2.3-3.2 5 

M .  S. I ' I I I ~ T O ! ~ ,  I )  C.  Grlfflii, and C Mottclici 

Ihrifigl the past y z r  wc complctcd a survey of experhcntal atid theoretical electron- 
i m p x t  ioniidiiod! cross seciiuiis for tlanciiion mc;al ions in Istv stages of iorrizatinr Thc 
atoriic iom I 1 , i I 2  ' ,  TI^ ' , FC '-, ~ e "  , ~e~ + , T;e4', N i l ,  Ni2", Ni3', Cu', Cu2+, and 
c u 3  + w a  e exainiclcd using electron-icn crossed-bcxm irmsi,IreSillmts artti distorted-wave 
thcorj. In big. 3.1 7 we compare a single.coilfigur~.lion, level-to-level, distorted-wave calcu- 
lation **vith expcrirnen; for TI' ' (ref. 19). The theory predicts a rapid chnge  irl the cress 
section for 30 to 35 eV, followed by a 10-cV plateau aiid thcn further jumps in the cross 
scction around 45 el'. On a m a i l e r  scale, the experimental measurements follow the same 
pattern. Wc believe that inclusion of conFigraration-interacticr. effects in the distorted-wave 
excitation calci lations for T i 2  '- will  low^ the cross scction and thus improve the agree- 
mefit Setween theory and experiment In Fig.  3.18, we pieseiit the results of a singlc- 
co8vf;guration. levc~to-levc~, ilistorted-wave caIciiIation for Le4 ' (no experiment ]\as yet 
bcen performed i n  this case) From our survey w x k ,  we expect that t l x  total cross-section 
re>bdby and the direcl cross-section results will biacket experiment In order for our predic- 
tions to be niorc precise, configu~-;ltiors-iinieraceaon effects in Fc4+ will need to be included 
n d  only iii the indirect excitation process but in the d i ~ z c i  iunizatian calculation as wdl. 

1 L  

ImtEectn m i t  S9qumce 

I) C Griffin, M. S .  Pindwla. and e\. Bottchen 

We have applied Oitr  recently dcveloped distorted-wav:: code for dielcctronic rccornbi- 
natiofi to calciilate the cross ssctions associated witla the 2s 2p transition in the Li-like icns 
1 3 ~ ~ ,  c3' , aiid 05" (ref 32 )  wc have compared calculated Cross sections to selected con- 
figurations of the type 2pid In  puce L-S coiipling, in intermediate c o u p h a ,  and in a 
coilfigardiio~-averaged approximathi. 1 he most precEse (intermediate coupl;'lig) rewlts 
tend to be 50% higher than L-S coupling but agrw faiily well with coIIP;B"r2tion-averaged 
I C S l l l t q  

-1 

The expidriatioc can be sem if we write the process, for example in B2+,  as 

(3.1) 
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3.23 The Effect of Electric Fie8 
and ~~~~~~ IsoeBectrsnic Segue 

D. C. Griffin, M. S. Pindzola, and C. Bshtchcr 

Dielectrsnic recombination (DR) is particularly sensitive to the presence of external 
electric fields. Such fields can C B I ~  a redistribution of angular momentum among the 
doubly excited, resonant, Rydberg states that, in turn, iiicrcases the number of states for 
which the ratc of resonant recombination is appreciable. We have just completed a sys- 
tematic study of the field enhancement of dielectronic recombination in the iithium and 
sodium isoelectronic sequences. In particular, we havc applied the linear Stark approxirna- 
tion to cxarnine these field effects for the dielectronic recombination transitions associated 
with the 2s * 2p cxcitation in the Li-like ions B2 ', C3 I ,  Os '- , and Fe23f and the 3s -* 
38 excitation in the Na-like ions Mg', S5+, CI6+, and k'e'''. 
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Although this tecliiiiquc dees fioi allow determination of fidd mixing 2s a function of 
electric field Ftrength, it does provide physical insight into the nzture of field effects in 
dielectronic recombination a i d  allows study of importail1 trends in t P r  maxixum field 
enhancement of the DR cross sx t ion  as a function of ionization stage. We find that the 
magnitude of the field enhanccnrcnt decreases as we move up an isoelectronic sequence 
and is on the order of two or three in highly i ~ r r  systems. l;rnrthermore, we shoi*r that 
DK transitions through doubly excited states near threshojd can prodtrce large narrow 
peaks in the CIOSS section at low energies, which are espccidlly prominent in high stages of 
ionimtion and arc not affected by electric fields. An especially striking example of this 
effect is provided by the DR cross section for be23 ’ ,  show2 in Fig. 3.20 2.s a function of 
election energy. I n  this plot, thc Parrow rcsmdiiccs associated with recornhanation 
transitions through the doubly excited confiiguiations 2pnl arc convoluted with a 3.0-CY 
GausGan to simulate ac cxperiineimtal electron c imgq spread. The field enhancement in the 
high-energy peak is approximately 2 3 .  The prominent low-eiiergy peak is due to transi- 
tions through the resonant states for which the principal qiiarptum of the Wydberg e!ectron 
is n = 12. 
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Fig. 3.20, Predicted die!ectronic i~~~~~~~~~~~~ cross sectim of 
F e w  convoluted into a 3-eV Gmassirni electron energy distrihaation. The 
solid and dashed lines pertain to the cross sections with and without ail 
external electric field. 
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ffin, g: c. IIavenet, A, M. Howalcb, 
hoxr, E. w. McDaniel, 

and h. w. ‘rhomas 

The data center continues to maintain a current annotated ~ ~ ~ ~ ~ ~ ~ r ~ ~ ~ 3 ~  of atomir: and 
molecular collision processes of interest in lusicsn research During the 24-year history of 
the data center, we havt: consistently been m e  to two years kchind in ater ing current 
references into our data base. This year, references have been entered dircctBy into our 
computer file every three months, and within a few months we anticipate: a monthly input. 
A universal data storage and retrieval system, ~~~~~~~~~ ha been ~ ~ ~ ~ ~ e ~ e ~ ~ ~ ~  by 
M .  Wright of  the Computing and ~ e ~ ~ ~ o ~ ~ ~ ~ ~ ~ c a t ~ ~ n s  Division, artin MRsietta Energy 
Systems, Inc. ~ i b l ~ o ~ r a ~ ~ ~ ~ ~ ~ ~ ~ ~  information can now be tetriev~d on Bine using Len djfferent 
search elements. At pre~ci i t~ three outside users dire e~~~~~~~~~~~ with retrieval using 
t e ~ e c 5 ~ m u ~ i ~ ~ ~ ~ ~ ~ ~ ~  lines to determine the  si^^^^^^ of  extending the data base to B larger 

several different storage and retrieval programs, witti the result that we are IIW able to 
conduct on-line searches only of references entered sitace 1978. Efforts are hehg cnadt: tca 
convert the various calrlicr b ~ ~ ~ ~ o ~ r a ~ ~ ~ c  formats to one: compatible with the INQUIRE 
format. 

Cooperative efforts have continued with the Atomic Data Center for Fusion a t  the 
Institute of Plasma Physics (IPP), Nagoya, Japan; the Atomic and Nuclear Data Center 
of the Japan Atomic Energy Research I), Tokai-mum, Japan; and the 
International Atomic Energy Agency (IA a Center, Vienna, Austria. Dur- 
ing this reporting period, an agreement 
sene as the major input to these center ter tapes every three 
months. Our staff continues eo meet with and advise the IAEA data center staff an their 
activities. To increase the X G U T ~ G ~  and efficiency of extracting numerical data from the 
literature, we Raw purchased a digitizer tablet and a small stand-alone computer with 
telecomrniinications capabilities. The required software s been written and ~~~~~~~~~~~ 

to perform the following steps: ( I )  digitize numerical d and store them on floppy disk; 
(2)  concatenate individual data sets for a given process into one set for  so^ and 
evaluation; (3) redigitize the recommended cross-section curve; (4) calculate 
reaction rate coefficients from cross-section data; (5) provide a seven-parameter fit In rate 
coefficients as a function of temperature; and (6) prepare computer-generated G U P Y ~ S  of 
recommended data and data tables for ~ ~ b ~ ~ c a t i o ~ .  Interfacing the center’s computer with 
the central PDP-I 0 permits steps 4 6 to be conapleted. 

During the present reporting period, a decision has been made to u 
. 1 and 2 of the present cumpilation, Atomic 
OKNL-5207), to a new series with five or 

group of outsidc users. QVdr the years, as computer techno!ogy has advanced, we have used 

1, ~~~~~~~~a~~~ wou1 

re volumes. Previously, the compilations 
contained only graphs and data tables of r ~ ~ o ~ m e n d e d  numerical data. Future volumes 
will add tables and graphs of reaction rate coefficients for interactions of beam- 
Maxwellian or Maxwellian-Maxwellian distributions. Progress has been made on the first 
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volume, Hmyv Particle Collisions, which will be done in-house. An interagency agreement 
with J. Gallagher of the data ccnter at the Joinit Institute Gf 1,aboratory Astrophysics, 
Boulder, Colo., has been iriitiated to compile cross-section data for vol. 2, EIectron Colli- 
sions. Reaction rate coefficient tables and graphs will be gcncrated by the ORNL data 
center staff. Volume 3 of thc series, Cdlisiorr of Atomic Particles with Surfaces, has been 
completed and is now in the firnail stages of review M o r e  publication. Particle interaction 
with surfaces is still an inexact science and many of the data arc qualitative, The fourth 
volume, Speciroscopic Data for Iroil, has bccr; compilcd by W. Wiese and his colleagues at  
the National R u r e a  of Stairdaids. We have rccrlvcd the compilatim, exccpt for one 
chapter on atomic eiiergy !evels, which awaits computer reformatting for compatibility 
prior to publication. Work has becn initiated on vol. 5 ,  Collisions of Carbon and Onygem 
Ions with Electrons, H ,  I f 2 ,  and He, by R. A. Phancdf of the ORNk Data Center, R. K. 
Janev of tkz Institute of Physics-Belgrade, and M. S. Pindzola of Auburn University. Data 
have been compiled frons thc literature, digitized, and evaluated, and cross sections have 
bcen recommended for electron capture by Cq and 0'7' ions from atomic hydrogen and 
helium. The anticipated completion date of these five voluriias is December 1985. Addi- 
tional volumes are planned for collisions of other impurity ions present io high-temperature 
fusion plasnnas. 

3.4,1 

C. 11. Ma, D. P. Hutchinson, and P .  A. Staats 

Mulfichaaslriel FsBsrimetry Using Faraday Ratation 

Simultaneous measurenients of electron density and Faraday rotation on all five chan- 
nels of the far-infrared 4 FIR) i n t e e l f e r o m e t e r l p u 9 ~ ~ ~ ~ e t ~ ~  system OD the Tmpurity Study 
Experiment (ISX-R) tokamak have been achieved. The achievement is due; mainly to two 
major improvements to the dctectors and the Faraday modulator of the prcvious system. 
( 1 ) the helium-cooled Ptitley d~tectors have lscen replaced by high-responsivity Schottky 
diodes, and (2) a novel techisique is i-ised to impiove the performance of the polarization 
modulator. The use of t h i  Schottky diodes in the present system has not only increased the 
detection sensitivity but also eliminated the need for a wire-grid analyzer for polximtion 
dcterrnination. The previous Faraday modulator used an aii-core coil, with a ferrite disk 
mounted in the center of the coil. The modulation freqricaacy was limited to 3-5 kHz due 
to the high inductance and large stray capacitance of the 688-turn coil. In the present sys- 
tem, the multiple-turn coil has been replaced by a single-turn copper coil, which acts as the 
secondary of a radio-frequency (rf) tramformer. A modulation frequency of 92 kMz has 
been achieved by using a series-resonant circuit for the primary winding. The increase of 
the modulation frequency has not only greatly improved the time resolution of the polarim- 
eter but also reduced the rf coupling between the modulator and the detection circuit. 

A schematic diagram of thr: modified int@rferometerlpolarirnelp;r system is shown in 
Fig. 3.21. Briefly, the systcrn consist4 of a pair of cw 447-pm iodomethanc lasers, optically 
pumped by separate C 0 2  lasers. The FIR cavities are tuned so that thc t a w  FIR lasers 
oscillate at freqiiencizs differing by Af - 1 MHz. The linearly polarized beam of the 
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Fig. 3.21. Schematic of the mult ichd FIR ~ ~ t ~ ~ r o ~ e t e r / ~ l a r ~ ~ e r  system for si 
taneous measurements of lk-averaged electron deosity and Faraday rotation ia an EX- 
tdttunak plasma. 

source laser is passed through a ferrite polarization modulator and a mechanical 
tion rotator into the dielectric waveguide and is then divided into five 
jected through the plasma. Emerging from the plasma chamber, each 
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 aut- 
put of the reference detector is a sinusoid at frequency A .  and is us 
for phase detection. The output of each signal detector is filtered, ampli 
digital phase-detection circuit to extract the phase shi€t due to plasma density. An envelo 
detection circuit demodulates the phase-modulated signal and provides 
at the modulation frequency with amplitude proportional to ~ * ~ ~ ~ ~ s ~ n ~ ~ ~ ~  where 0, is  the 
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amplitude of thc modulation angle a d  8 is thc sum of the rotation anglrs AK to the 
mechafiical polarizatioti Rotator 0, and the raraday rotatioil ikl plaqrna 0,; J,(O,) is the 
Bessel function of the first kind with order one. Ihis signa?: is sycchronously detectcd by a 
lock-in amplifier, yielding ai? cutput volt age VOa+ - Jrcsin(e\r. The calibrritb~i~ eonstant Vo 
can be obtained by setting the mechanical pdxizatiori rotator at a few degrees (64" )  and 
measuring thc value of VOut without ~1asr;ra in the chambc;. lhe vsliagc a< dctermined 
by this technique calibraics the polarimeter in a niannslr that does not require the ;Ibsohtc 

r power, detector resgonsivity, modulation mgllq or ariy systcm Icsscs. 
has been routinely ernploycd to study ohmically k a t c d  and neutral- 

beamheated plasma discharges in ISX-B foi over a ycze. The standard deviation of the 
output of the interfe.tc?metcr of a constant phase shift is less than 5 X fringe. Since 
one fringe corresponds to a line-aucmged density of 9.2 X 1 O I 2  C I K ~ ,  density variations as 
small as 4.5 X 18" c ~ n - ~  ca? he measured. The polarimctcs shows a sensitivity on the 
order of 1 miad and a tims resolution of 1 ms. Figure 3.22 shows the time-resolved traces 
of (a)  Faraday rotation and (b) lime-averaged electron density of a typical tokamak plasma 
discharge '4 netntial krydroge;: beam of approximatelj 1 MW w$i'ps injected into the plasma 
'io ms after the initiation of the plasma discharge. The position of each channel, relative to 
the cenicr of the tokamak vacuum chamber, is indicated in the inset The ncgative Fara- 
day rotatioil UII t h ~  cc a1 channcl (chauncl 3) is dire to thc outward shift of the plasma 
centroid. 'TAc fast resp c of the system is dcmonstiated in Fig. 3.23 During this plasma 
discharge, a solid hydrogen pellet w ~ s  injccted iiito tlic plrrsma at approximately 204 ms. 
The pellet caused an ahrupt density increase of -1.4 X l O I 3  ern and a change in kaia- 
day rotation of --0.15" on the central channel. The changes of devsity and Faraday rota- 
tion occur during a period of appioxinn2tdy 408 $LS. Ihc time delay ('3 ms) betweea two 
cuives is due to the sgs i s?an~e-~v~~?86i t2n~~:  (R-C) constant of the lock-in amplifier (1 ms). 
It is believed that this is the first simultaneous measurement of electron density and Fara- 
day rotation in pellet-injccted discharges Data analysis codes are under devcllopmcnt to 
reconsti uct the asymmetric spatial pi~f i ler  of electron density and plasma current from il;e 
line-averaged chordal nxamircments. 

cwiation sf tLe FIR diagnostics on the Texas 
Tokainak (TEXT) at the University of 'l'exaq in Austin. T. Price bas simultaneoaisly mea- 
sured both derisity and Faraday rotation on all six channels d thc TEXT system. Although 
the system is not completely calibrated, the Faraday signalq h a w  the proper polarity on 911 
six channels and roughly the proper magnitude. 

C. M. Ma has been engaged in development of the FIR polarimeter for the Tokamak 
Fusion Test Reactor (TFTR) at Princeton Plasma Physics Labomtory Experiments have 
been conducted to detexrninr the pcrf~rmance characteristics Q€ the polarimeter, A signal- 
ts-noise ratio of 20 dB has been achieved for a simulated Faraday rotation angle of 5" 
with 4 mW of laser powm. An analysis has also been carried out to identify some possible 
problems in the meastiremaits and to estahlish t 

I 

Wc have continued to support the imp! 

rdihration procedure for the system. 
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interferameter/polarimete~ system on ISX-B. 

3.4.2 Diagnostics Development Center 

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

A collaborative effort has been initiated to determine the feasibi iTY- of tneaslaring 
plasma edge turbulence and electric fields in magnetically confined phirnas. Fast-response 
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sity an..* Farrda; rotation are caused by the injection of a solid hydro- 
geo: p d z t  204 ms a f i u  the bcgiaaing of the discharge. 

d ; d e  arrays with If, filtcz havc k e n  corrstnacted to observe time correlations of H a  emis- 
sic- ':om a6jxc.z: locations En t k  pBas1113 edge, using techniques developd by Zweben 
et T ~ Z C  first wries of nilsasurcmcnts Y ~ I  establish the physical extent of coherent 
emission ieaions; both 1 i d A y  and torcidally The second series will includs, the replace- 
rncnt of the El, f i i tcr with a fi~onixhre:nator. By iniaging a poloida! strip of the plasma on 
a ver:ical e2tzance slit and y!ac,lng the di4dc array in the vertical detector plane, we can 
detcrminc thc electric field from the Stark-broadened profiles or shifts of the Ha line. 
Since thc cmvetriional analysis of the Stark effect in plasmas i s  in t ems  of the static 
Hcltswark field, it is necessary to irnclride the line: sfiapc and the shifts due to quasi-static 

-freipency ficlds. Modeling of ttl: "line shape for differerit magnitudes arid fre- 
q i m ~ i e s  fa: tliesi; fieids has been completed. In addition, the analysis indicates that by 

ation of thc Hb lim the direction of the driving electric field caw be 
diode arrays have been fabricated and tested with theis associated 
d signal recording. Computer programs arc being j-vritten for cross- 

correht lx  analysis. Initial tests will bs: pcrformed using a rapidly parlsed proton beam in 
.hi& tl-16: apparatus will he m~lioved to TEXT. 
rc tht. ion tcmpexrature in a high-tempmature deuttrium-deuterrji~m (D-D) 

phsnia, 'k7c have ~;:opscd to make use of the oxygen total. neutron cross section, which has 
a deep i C S ~ ~ B ~ c c  at about 2 35 MeV (ref. 35). i4t low p l ~ ~ ~ a  tempe~aturcs, the 2.45-MeV 
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A low-energy mhilimi neutral particle a raa~yzer~~ has been lent to the university OK 
Wisconsin to measure tokamak plasma ion tenipcrature, In ~~~~~~~r~~~~~ the ~ ~ n v ~ ~ ~ ~ ~ ~  
and detection efficiency of the analyzer, we found that the ~ ~ ~ s ~ t i ~ ~ t ~ ~ ~  of two of the chan- 
ne1 multipliers were a factor of 2 to 5 less than the other two. 'The ~ ~ ~ ~ ~ ~ ~ ~ t ~ t ~ ~  ~~~~~~~~ is 
being rebuilt and the multipliers are being replaced. These changes in ~~~~~~~t~~~ demon- 
strate the need for periodic recalibration of analyzers after several mo ths of ~~~~~~~~" 

3.4.3 

D. P. ~ ~ ~ c ~ ~ ~ s ~ ~ ,  K. L. Vander Sluis, J. Sheffield,* and D. J. Sigmar' 

Feasibility ob Alpha Particle Diagnostics by 

The behavior of alpha particles in an ignited fusion plasma is sf c idexable imptar- 
tance in fusion research, because it i s  the energy transheracd to the ~ t e ~ ~ u ~ ~ ~ t ~ ~ ~ ~ ~ ~  
(D-T) plasma from the energetic alphas that will sustain tKc pEas;rara ~ ~ ~ ~ e ~ ~ t ~ ~ e "  Seared 
methods have been proposed to measure the density a.nd the t-e*as~@-ity ~~~~~~~~~~~~ of the 

Among the suggested techniques are the ~ISE of ~~~~~~-~~~~~~~~ reactions of 
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the a l p h s  with high-< iergy neutral diagnostic beams, 394.1 the scattering of FIR 
radiation.41 and t i le dctLction of alphas tliat escape from the p ~ a s r n a ~ ~ ' > ~ ~  wc have 
evaluated a method that rises thc scattering of a high-power C02 laser by the Debye 
sphcrc of electroils associated with each alpha partick to determine both the density and 
the velocity distiibutizin of these energetic fusion products. 

(3.2) 

and it is assuincd thzt the scattered frequency shift w << ai. The clectron and ion velocity 
distribution fwiiciions are f e ( w / k )  and f ; ( w / k ) ,  rcspectively; r i  is the Thsmson cross sec- 
tioii, 7.95 X 10 26 cm2, 32, is the elcctron density; P, is the incident laser power; and G, is 

We assumi: ;hat the electron arid bulk ion velacity distributions of the plasma are 
M a x w l l i m  and that the bulk plasma is made up of isotopes of hydrogen ( Z  = I) .  'The 
higki-;ii:igy spc;;r~m of the alphas is assumed to bc isotropically distributed in velocity 
space, and fn(v,) = const for v < va0, the velocity of a 3.5-MeV alpha particle. Above v, 
the zlphs distributioii fiinction is zero. Also, we ignore kinetic broadening of the alpha 
velocity distributb uc to the finite encrgy of the interacting n-'r' ions. 

mine the range of scattering angles accl Frequencies over which more 
dc:ailed calculations should be performed, we first place simplifying constraints upon the 

trum: ( 1 )  coiisider only phase velocities near w / k  = v, and (2) pick a region 
the alpha pariiek scattering and electron scattering are equal. Assuming a lases 

?ukh a 10.6-!'m wavclength, this corresponds to a scattering angle 0 = 8.70". The signal 

a siasceptitdity. 
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plasma as a function of scattered frequency shift, based on the geometry depicted in 

rig 3.24, is shown in Fig. 3.25. 'I'his calciilation assumes a flat alpha particle velocity dis- 
tribution and indicates that alpha-prrrticle-produ~~~ scattering is dominant over a range of 
scattered fsequcncies from 6 io 22 GHz. Figure 3.26 depicts a calculation of the composite 
spectrum as a function 0f frequency (in watts of scattered power per unit frequency) for 
scattering frequencies 6f from 8.1 to 25 GHz about the line center of the incident laser for 

three simpk velocity distributions. The distributions modeled are (1) f,(v) = B/v, (2) 
f,(v) = const, and ( 3 )  fa(v) = v. The amplitude of the distributions was norniaiized to 
thc +zlue n,jv, zt v,. The first distribution, proportional to I /v ,  W Q U ! ~  represent a buildup 
of particles tsward zero velacity, assuming little or no diffusion in real sgaw; the second 
assuxcs a nnc+dcI based on calculations of T F T R - I ~ ~ ~ ~ ~  plasmas that predict a flat alpha 

-PLASMA IONS 
AND BEAMS 

- 

ELECTRONS 

0 5 10 15 20 25 38 35 
*-LINE CENTER Af (GHd 

Fig- 3.25. The total 

shift. 
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tribukion proportional to 1 / v  is regresented by the open circles, the j l v )  
= constant distribution by the opeen squares, and the distribution pro- 
portional to v by the dosed circle$. The electron density assumed for 
these calculations is 1.2 x I O P 4  

velocity ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~ n ~  and the third ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ ,  ~ ~ ~ ~ r t ~ ~ ~ ~ ~ ~  to v, could result if alpha par- 
istributioras are not assumed to 

accurately naodel a true plasma c ~ s e  but were chosen to investigate the sensitivity of the 

Figure 3.26 shows the scattered power plotted for scattering frequencies greater than 6 
proximate freqiaiency at which the: scattering from the injecte 

ponents goes to zero. Ths connposite scattered power from the electrons is constant over 

di3gaaos2ic technique to c anges in the alpha particle velocity distribution. 
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this range and has a value of approximately 1.05 X W/Hz. The llfportion of the 
scattered spectrum from 10 to 20 GHz is due to averaging over the window. The scattering 
from the alpha particles is two to three times the scattering from the electrons over this 
frcqmncy range. 

Detection system 

The scattered power from the alpha particles covers the frequency range from 6 to 
~ 2 0  GHz on cither side of the P0.6-pm line of the C02 laser, which has a center fre- 
quency of approximately 28,304 GIIz, The frequcnacy resolution required is too high to use 
a grating for dispersion, as in a conventional Thomsori scattering measurement, and too 
small to use a Fabry-Perot interferometer. Also, the noise level of a liquid-nitrogen-cooled 
IPgCd'le detector operating in the video modc is too high to allow measurement of this 
power level. If we asslaw a required frequency resolution of  6 GIIz, the video noise- 
eqiaivaleait-power ( N E P ) ,  of this detector is on the order of 5 X 10- s W (ref. 4s) In Fig. 
3.27 the bar graph shows the scattered power, integrated over a 6-GHz bandwidth, plotted 
as a function of the frcqacncy of a number of channels centered on the frequencies 7, 11, 
17, and 53 GHz from the center of the laser line. (The reason for this channel selectiori is 
stated later.) The power level observed b y  the detectors varies from approximately 2 X 

W to 1 X lo-* W, resulting in a signal-to-noise ratio ( S I N )  of 0.02 to 0.1. This 
( S I N )  is clearly unacceptable. By using these detectors as mixers in a heterodyne mode, 
the (NEY) ,  reduces to I X W / I h  (ref. 451, resulting in a detector noise power of 
2 X IO-'' W over a 6-GFIe bandwidth. 'This detector noise Bevel translates into an input 
signal-to-noise ratio ( S I N ) ,  of 3-14 for a 100-MW COZ laser. The postdetection signal-to- 
noise ratio ( S / N ) @  for a heterodyne recciver 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 ys from a detector with a bandwidth of 6 GHz, ( S / N ) @  will 
be improved by a factor W i T  where B = predetectiomi bandwidth = 6 GHz and 
7 = laser pulse width = i ps, 

(3 .3)  

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

oscillators must be found with frequencies that differ from the incident laser frequency by 
only a few gigahertz. A C02 rotational line spacing 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 
seqiience bands of C 0 2  and N20 that produce power levels of several 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 CO2 lasers are 
considered. 
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Fig. 3.27. The scattered power integrated over a 2-GHz bandwidth is plotted ms a function 
of the shifted frequency of a number Qf channels centered on the frequencies 7, 11, and 17 GHz 
from the center s f  the incident laser line. The channel at 53 GHz, which observes only the elec- 
trons, is shown as a dotted line. The 1/v distribution is represented by the bats slanted down to 
the right, theflv) = constant distribution by the bars slanted up to the right, and thefiv) - Y 
distribution by the open bars. 

g and calibration 
A wry 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 
nieasluremenk af the electrun scattering in the absence of alpha particles, the sensitivity of 
the diagnostic may be determined. In fact, since the electron density and temperature will 
be known from other diagnostics, an absolute calibration is possible. Also, because a cletec- 
tor observing frequencies shifted 53 GHz from line center will see only scattering from the 
electrons, even in a burning plasma with alphas present, the experiment will he self- 
calibrating for every measurement. 
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" as 

The plasma theory effort concentrates on ~ ~ ~ ~ i ~ u ~  confinement theory. The goals of 
toroidal confinemeait theory are to understand, improve, and optimize the ~ ~ ~ ~ n e ~ ~ n t  of 
plasmas for fusion reactors. To achieve these goals, i t  is necessary  eve^^^ new theories 
and validate them with experiments, The a p ~ r o a ~ ~  i s  to identi 
to integrate the necessary plasma physics disciplines to solvr: 
of research are ( I ) ~ ¶ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ n ,  stability, and ~ ~ r ~ u ~ e ~ i ~ e  (2) transport kinetics; and ( 3 )  rf 
heating and current drive. Tbesc feed basic results into t g efforls, (4) conhe-  
ment o ~ t i ~ i ~ a ~ ~ o n ~  ( 5 )  plasma modeling, and (6) alpha ysics, which in burn 
drive the primary a ~ ~ ~ ~ c ~ ~ j O ~  area, (7) ex riment ~ n t ~ r ~ ~ ~ ~ ~ t ~ o n .  This ~~~~~~~~ ma 
internal collaboration while keeping 3 h a  fQCiuS O n  key issues. ~ ~ ~ ~ ~ ~ o ~ a ~ ~ O ~  \islath 
experimental groups, with university groups, and at the ~ ~ ~ e ~ n a t ~ ~ ~ ~ a l  level is strongly 

. .  

emphasized. 
Key results in the last year iiiclu 

improve confinement f~ox the Advanced 
flexible heliac concept; improved understanding af ~ o n ~ ~ ~ e ~ e ~ i t  in the Impurity Stu 
Experiment (ISX-B) to 
confinement in ELMO 
ELMO Bumpy Square 
Fusion Test Reactor (a 

efinitions of ways to 
idal Facility (ATP) eviee; ~ ~ ~ e n t ~ ~ n  of 

nderstanding of electron cyclotron heating and 
); ~ ~ v e ~ ~ ~ ~ e n ~  of an ~~~r~~~~~ bumpy system, 

and successful application of pellet models lo  the Tokamak 
d the Doublet 111 (D%II) tokanlak. 

secticm m. ~ u ~ d a ~ g ~ ~ t ~ ~  
integrating eIfarts, Sects. 

4.6; and in the section on ~ ~ ~ r ~ ~ e ~ ~ a ~  ~ ~ t ~ r p ~ e t a t ~ o n ~  Sect. 4.7. ~ ~ ~ ~ ~ t i ~ ~ g  
ties are summarized in Sect. 4.8. 

This past year's work is s ~ ~ ~ ~ r ~ ~ ~ ~  in morf; detail in 
~ 1, 4.2, and 4.3; in the sections on areas of research, Sects. 

4.1 

The ~ a ~ n e t ~ h ~ ~ r ~ ~ ~ a ~ i ~ ~  (M 
characterized by the use the b e h ~ v i ~ r  of 
rnagne tically confined plasmas. Equilibrium properties and linear and n o n l ~ ~ ~ ~ ~  stability 
properties are analyzed, and calculations are made of nonlinearly evolved ~ ~ ~ ~ t ~ a t i ~ ~  levels 
and their consequences for particle and heat transpart. Research is carri 

rformed, ~ ~ n e r a ~ ~ y  
1rderlying  pi^^^^^ 

numerical fluid models to st 

nected levels. First, ~ ~ r n d a ~ e ~ t a ~  physics research is 
geometry, to unveil sonic of the basic ~~~~a~~~~ 

behavior. This work establishes a sound basis for theoretical d e v e l o ~ ~ ~ n t ~ ~  
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aaad ~~~~~~~~~ for Stel ~~~~~~~~~~~~~~~ 

1%. ‘4. Carreras, J I,. Cantirelll, L. A. Chiidton, W. A. C‘s~oper, Id. G~~re ia ,  J. IT. Ii(arrk, 
. ItHicks, J. A. HOI~IXS, J. A. Rr~ne,  

and v. E. Lynch 

‘The MMD studie? at ORNL have mainly ConC atrated in two arexs: thc improvenscait 
of the understan irng of high-beta torsatrons thmu 
the study of helical-axis c~nfigurat ion~.  In this paper we wil l  describe the F ~ S U  

in both areas. 

the concept of  !lux conservation and 

e ~~~~~~~~~~~~~~ pat bo hiah beta. n e  csncey,pt {kr a nux-ckansCrPri~g tokamak has 

e n t d  guide in achieving such a rcginic, The stellarator, 
ry usefill one :o unb stand the access to a high-beta regime for tokamaks, It has 

also been useFd as 3’1 ’X 

ple way that tokamaks do. After the fast heating process, which conserves flhsu, tbc rata- 
LionaB transform profile will evolve due to resistive 
become a zero-currcnt equilibrium. By chaaiging the s 
evolution it is, in principle, possible to maintain the rotational ~~~~~~~~~~ profile wlmile the 
~ q ~ ~ ~ ~ ~ r ~ ~ ~  tevlds to the mx)-ciirreiit limit. We have ~ n ~ ~ s ~ ~ ~ a t ~ ~  this fer the particular 
case of the ATF device. In  this casc, using the vertical field (VF) coil system, an approxi- 

conserving sequencc of equilibria i s  shown. Thc figure an increase in ellipticity 
and triangularity is required. The strong “‘bean” shapj ux slurfaces is apparenl. 
Following this ~ q ~ ~ ~ ~ ~ r ~ ~ ~ ~  sequence, it is possible to second stability regime 
even with broad pressure profiles, avoiding the free houndary instability foun 
and Johnson. These studies have been made using the stellarator expansion for the q u i -  
lihriuin and stability calculations. From the conditicin of zero current in each flux surface: 
and the e ~ ~ ~ l ~ ~ ~ ~ ~ ~ ~  equation, the foll~wing relations can be derived: 

iffusion, and the equ 
pe of the polaPii.9al fie1 

mate flux-conserving path to high beka can 4.1, an approximate nux- 

Here GV is the vacuurn-rield-averaged poloidal flux function due to the helical fields oriIy, 
and $o is the poloidal flux function due to the vertical fie1 system. The coordinates p, 8 
are straight field line coordinates, and F* == -R2<(q$I2>/F. From these equations $0 
can be calculated by a multipolar expansion in Q when the t profife i s  prescribed. FOP a 
given system of coils, at best, only a n  approximate solution can be obtained. The ~ ~ e x i ~ ~ ~ ~ ~ y  
of the ATP: VF coil system permits such an approximate solution (Fig. 4.1). 
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11. Hclicabxis co aratiwns. In the large-aspect-iatio limit, stei!z;ator configura- 
tions witla helical axes ;l.ttractive stability fcatures. To stud) such configuratioiis, the 
3-D cod@ NEAR and a geaeralized averaging method h a w  h e n  used lhe  avemgcd 
method i s  based oii an ordering s i m i l a  to that of Green, a d  .I01 02,  but tile averasing i s  
pcrformed in 2 vaciium flirx coordinate system. In  this cccrdinnte system the averaging 
tecliuique hac  a mort: direct physical inteipidation th;l[i ;ii i C a l  <pace and provides, in a 
natural way, a trivial extension to helical-axis confijilrrations. I n  this way the cquilibiium 
problem is reduced to solving a t w  diminsional (3-3) Grad-Skafrariov typc of equation 
My using the ordering. thc helically varying part of the eqi.iilibrium equationc =ray be 
r e h c c d  to R Poisson-typc eq:iation for thz toroidal field rliictuationb. By coii-iputins t 
helical corrections to the a v e r a p  equilibrium solution we are ablc to study configllrations 
that have toroidally dominatcd shifts but with signific~ t i t  helical disioliiofis (e.g.? srnall- 
aspect-idiio heliacs). This method lias Sicen ayplit d ta the ATF hc!kal-axis coniigiiration 
and to heliac-type configurations. The results of thc equilibi i u n i  calculation show goo3 
agreement with numerical results using 3-D codcs (Figs. 4.2 a i ~ d  4.3). 

E. A. Carrepas, ,J. L. C antrell, L. A. Charlton, L. Garci., T II .  IIarris, I .  @. IIc 
H. W. IIicks, J. A. Holmes, and V K Lynch 

- 
1 he stellarator equilibrium and stability studies presented in this p . 7 - p ~  arc focuscd oii 

improving the understandirig of high-tctc torsatrom through thc concept of flux control 
and the extension of the ste!larat~ar expansion to helical-axis configur&ians. 

The torsatron VF coil system can be programmed to control the rotational tramform 
profile at high beta by modifying the plasma sliapc, while ke:cping the t at the rragnstic 
axis fixed. This technique is potentially very iistful, bccausc if the entcrwtl fields izrc not 
changed as beta is increased, 7eic nct-current equilibrium scquexes show significant 
deformation of the rotational transform profile. A progrcssive elongation of the flux sur- 
faces with hercasing beta i s  required to mahtahi h on st ant to. 1 hc flux-cofitrokd qui -  
librium path also has the favorakk p rop i ty  of r d a c e d  finite-Seta ax is  shift d a t i v e  to 

- 
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that of the fixed-configuration cquilibrium sequewc. 1 his decrease can be understood as a 
consequence of a rcdiaction in the Pfirsch-Schluter currents pith increasiilg docgation of 
the magnetic surfaces. 

Ihe  stellarator expansion technique can be gencrali7ed to helical-axi5 configurations 
by performing the expansion in a vacuum flux coordinate system. To lending ordcr, the 
averaged equilibrium equations yield a Grad-Shafranov-type equatioii foi the average flux. 
Also to leading order, thc toroidally varying part of the equilihriuril equation d u c e s  to a 
Poisson-type cquation. In this WZJ‘, the 3-D equfl’hrium problem has been rdiirced to two 
second-order equations. Good equilibria have been found for the helical-axis ATP; for CCD- 

tral beta up to 10%. 

High-beta, zero-current equilibria for a stellarator device are calculated using the 
averaging method. It is fornd that, by shaping the vertical field, the rotational transform 
can be controlled in an approximate way as beta i s  increased. At the same time, the 
!Yirsch-Schliiter currents are rcduced -with no modification of the magnetic well. ’T’hEs 
permits access to the high-beta regime with more favorable sohtional transform profiles. 
Xesdts are presented for the ATF device. 

‘Confinement Projects Section. 

4.1.1.4 “Ge~ l~r ic  ~~~~~~~~~~~ in Ads;obropk Pressure ‘A‘oroidsm4 

w. A. Cooper 
- 
1 he ballooning mode equation for 3-D toroidal configurations with anisotropic plasma 

pressure is derived from the Kruskal-Oberman energy principle. The Mcxier criterion is 
evaluated for noiiaxisyrrmrnetric systems with shcar (stdarators). 

4.1.1-5 “Hel%ca.Aly Sym 

W. A. Cooper and M. C, Depzssier* 

A variety of plasma confinement configurations can be very adequately modeled by 
assuming that the MHD equilibrium properties satisfy helical symmetry. IJsing asymptotic 
exparision techniques, we solve the helically symmetric equilibrium equation. Analogous 
solutions have been obtained previously only for axisymmetric devices. We calculate the 
plasma beta value, the q profile, afid the plasma current. We also discuss how flux- 
conserving and zero-current sequcnces can be obtained with this model. 

‘Pontificia Universidad Catolica de Chile, Santiago, Chile. 
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k. Garcia, B. A. Carreras, E. Iton, 14. R. H-%kks, and J. A. I 

In a previous work we ave studied stability properties of torsatrons using a reduced 

K ~ v r i ~ h ~ ~ y ~ ~  and Shchzptov obtain the averaged M equations without expansion in 
the inverse aspect ratio, e use this system of averaged eyll 43nS Study Seabillty 
properties o f  low-aspect-ratio tursatrsns. The numerical code F has been modified i o  

the reduced set of equations, we get similar results for moderate aspect ratio, The effect of 
the fiinite-aspect-ratio terms is,  in general, s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  

set of MIX9 equations that includes the averaged effect of the external magnetic field. 

include the averaged effect o f  the magnetic fie8 . Keeping only the terms which enter in 

e l ic~ l  Axis Steillara 

T’. c. Hznder 

The e ~ u ~ ~ ~ ~ ~ ~ ~ ~  properties of helical-axis stellarators are studied witla t 
code and an average method (2  
inated shift, the average meth 
properties of a wide range of heliaes have also been stu ied. Heliacs are typified by low 
shear and thus are very sensitive to resonant or nearly resonant perturbations. It is found 
that i f  the vacuum heliac configuration canlains, cw has nearby, low-or er rational sur- 
faces, then gross distortions to 2 uilibsium may result. These effects are particularly pro- 
no~nced  at low aspect ratio, wh e the toroidal and helical shifts are well c~upled to the 
resonant or nearly resonant harmonics. Vacuum ~ ~ ~ ~ ~ ~ ~ a t ~ o ~ $  which avoid Bow-order reso- 
nances have improved ilibria. Also, lowering the toroidal effects by increasing aspect 
ratio and rnunnber of fi periods proportionately improves the equilibria by reducing the 
coupling effects to resonant harmonics. 

elictll-axis ATE’, which has a 
code equilibria agree well. 

T. C. HIender, J. E. Cantsell, B. A. Carreras, J. H. Harris, and 9, A. 

The e~~~~~~~~~~ properties of helical-axis stellarator c ~ n f ~ ~ u ~ ~ ~ i ~ ~ $  have been studied 
with the 3-E) NEAR code and by an average method, Two sequences of heliac configura- 
t i w c  with a giveti ratio of number of field perids to aspect ratio have been studied. 
acs .vith a relatively small aspect ratio and number of field periods, which have a 

~ ~ ~ n ~ t ~ ~  shift, are found to have a low eq librium beta limit. More favorable 
h n d  at larger aspect ratio and field peri s. The effects on the equilibria of 

rrm~dulat;~tg ihe currents in the toroi I field (TF) coils and by winding the TF coil axis as 
a geodesic on a torus are being stud 
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An ordering i s  introduced, and to lowest a d i r  the toroidally averaged equilibrium equa- 
tions are reduced io a Grad-Shafrznw equation. Palso to lowest order, a Poisson-typc equa- 
tion is obtained for the toroidally varying corrections to the eqnilibrium. My including these 
corrections, systems that a re toroidally dominated, biat with significant helical distortion to 
the equilibrium, may be studied. Numerical solutions of the average method equations arc 
shown to agrec well with 3-U calculations. 

.ir. I.  1.10 

'I. C. €Icnde:n, B. A. Caneras, 1," Garcia, J. H. Harris, .J. A. Rome, J. L. Cantrel?, 
and V. E. Lynch 

6aRqailibria,-sl ~t~.sa-je=s in Helical  xis ~ t e ~ a r a t o r s ~ ~ *  

The cquilihrium psopcrtics of helical axis stellarators are studied with a 3-11 equi- 
libriun code and with an average :uethod (2-0). 'The helical-axis ATF is shown to have a 
toroidally dominated equilibiiuna shift and good equilibria up to at least 10% peak beta. 
Low-aspect-ratio heliacs, with relatively large toroidal shifts3 are shown to have low 
equilibrium beta limits ( -5%) .  Increasing the aspect ratio and number of field periods 
proportionally i s  found to improve the equilibrium beta limit, Alternatively, increasing the 
niimbsr of field periods at fixed aspect ratio, which raises L and lowers the toroidal shift, 
improves the equilibrium beta limit. 

I. C. Hender. B. A. Carreras, L. Garcia, J. A. Rome, and V. E. Lynch 

Details are ghen of a 3-D stellarator equilibrium code NEAR. This code uscs a set of 
vacuum f lux coordinates as an Rulerian basis for the equilibrium calculations. 'This coordi- 
nate system provides an economical represectation of the complex geometry associated 
with stellarators. The equilibrium equations are solved hy an energy minimization tech- 
nique employing a conjugate gradient iteration scheme. The rcsults of extensive numerical 
convergencc studies are presented. Also, comparisons with existing codes are made to 
bcnchmark the NEAR code 

earis and Finite Difference Inverse MWD 

S. P. Mirshman and J. T. Hogan 

To facilitate the devclopment of 3-D plasma transport simulations, we have under- 
taken a comparative cvaluation of the Bauer-Bctancourt-Garahedian equilibrium code, 
which solves 9 X B -- V P  - 8 for nested magnetic surfaces using finite differences, and 
the 3-D moments code (MOMS3D), which uses a Fciiirier expansion technique. The ver- 
sion of the Hauer-Betancourt-Garabedian code we h a w  used i s  that described in A Corn- 
putationai Method trr Plasma Physics. The method undcrlying the algorithms in the 
moments code is given by Hirshman acd Whitsoc [?lip. Fluids 26, 3553-68 (1983)l. 
Sevei a1 fixed-boundary configurations, including hcliotron, A'TF, and heliac, have been 
analyzed to asvm the following equ.il;briuim properties: ( 1 ) convergence rates (with mesh 
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,4TF vacuun-i 3 0 - ‘  0.192, 6.62733 3OP3 0204 5.63299 
;2TF beta 30-’ 0.143 6.79159 30 0.417 6.79676 
Wendelsteio VIIA 30-I 0.012 45.1 145 3OP3 0.01 1 45.1 l44? 

J. A. Holmes, B. A. Caricras, L. A, Charlton, 11. R. IIicks, and V. E. Lynch 

We stiedy free boilndary MHD equilibrium aind stahility of stellarators using the stel- 
larator expansion to reduce the equilibiium calculation to a 7-1) one. Fixed boundary 
equilibria calculated using this mode! have been denionstrated to be in good agreement 
with 3-19 equilibrium calcdations. Stellarator expansion Mercier and low-n stability cdcu- 
lations have also been performed 011 a wide range of fixed boundary equilibria. 

To address the free boundary stability p r o b h i  we use 3 version of the PEST code 
modified to includc stellarator expansion terms. Uetailed comparisons bet;~een the rcsuits 
of the fixed boandary and free boundary calculatiorrs will be presented. In particular, using 
the fixed boundary approach, it has been shown that vertical field shaping i s  important for 
accessing high-beta, net-currect-frec, siakle configurations. It is, therefare, CI ucial to study 
the effect of vertical field aping as a path to high beta u s i q  a free bourrdaiy equilibrium 
and stability nrodcl. Specific applications to the ATF device wi!l be presented. 

- 

4,1.1.15 

J. A. IEolmes, W A. Carieras, L. ’4. Charlton, 11. R. Hicks, and V. E. Lynch 

“*Stellamtor E X ~ ~ R W ~ O R  StaGes of a kFigh Beta T O F ~ H ~ T O ~ ~ ~ ’  

Thc LJF coil system in ATF is shown to be sufficiently versatile to provide equilibiium 
paths to high beta with favorable equilibrium and stability prope~kies. In particrrlar, using 
the stellarator expansion, it is shown that. through proper shaping of the magnetic fields, 
flux controlled paths to high beta can be found with the following characteristics: the 
rotational transform profile deviation? from the vacuum are small; the t’firsch-Schliiiter 
currents and magnetic axis shifts are rcduced ia cornparisoil with those nbtained at similar 
beta using the vacikiim VF coil ciirrcnts; there is 118 loss of magnetic well accompanying 
thc rcductiom in Pfirsch-Schliiter cmrents and nagiie:ic axis shifts; and the stability of the 
flux-controlled equilibria to global modes is enharnced by an impioveinent the re!ation- 
ship between the 1 utational transform aad the magnetic well. Initial investigatim of the 
free hnundary equilibrium and stability of h’l*F also rcveals sta.bility to global modes. 
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io 

J. A. Holwes, B. A. Carreras, 

We have deriwd she resistirrl; ba"simnirng rnnde zquatio 
nate of  symraetry from the linearized ~ ~ c ~ ~ ~ ~ ~ ~ ~ i ~ l e  resistive 
application we consider the stability of an 

stability for zero-current and for ~ u ~ - ~ ~ ~ ~ s ~ r v ~ ~ ~  equilibria. 
cquilibriuan equation found by asylnxptotie 

scilenles based on tire of steepest descent bavs recently been used to 
equilibria. Such sche es generate a ~ ~ ~ ~ t n t ~ ~  geometric vector sequences 

whose: convergence rate can be improved thrsugh the Base of the e 
t im of this nonlinear recursive technique to stiff systems is discu 
algorithm is capable of yielding quadratic monvesgence and therefore represents an attrae- 

%5 equations have eigenvalues with ~~~~~~~~ real parts (in 
ernative to other 
ecause the damp2 

the neighborhod of a stable ~ ~ ~ i ~ ~ ~ r ~ ~ ~ ~ ,  the e algorithm will generally be st 
cern for residual momiotonic sequences leads to consideration of ~ ~ ~ e ~ ~ ~ ~ t ~ v ~  

hysics, Atlanta University: Atlanta. 
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4.1.1: 

SSI.2.I 

E A. Carreras, T. C. Ilendcr, Id. A. Charlion, 9. A. Holmes 

Tokoa?:akP a d  Rerel-sc3J -FleM Pin2:h%%s .... 'a! 
"T5e ~ T e c t s  of Toroidiri~ OR Resistive MMP) Pnstabilitiea in the RYP"'' 

Tkc ;urbulence generated by resistive MIID instabilities iii thc WFP has k e m  linked 
to transport and maintenance in the ccnfiguraiiw To study the lincar effects of toroidi- 
city, thc FAR code bss Seen ad. FAR solves the h m r  incoinpressibk xsi;:ivc ME1D 
cqiiations in toroidal geomet t y with ao aspect ratio asxmpticm. bnnite-he:a numerical 
equilibria are used as inputs for thc computatioas. For the tcaring mode it is found that 
tornidkiiy has little cffect for aspect ratios greater than 4 at zero beta For tighter aspect 
iGtios, the effccts arc stabilizing. For g modcc, because. of the finhc-bet2 quilibriuin shift 

in the q profile, thc cffects of tomidicity are signifkai;: at sLghtly higher 
aspect ratios. 

1,. A. Char:ton, 8. A. Carreras, L. Garcia,, J. A,. Holmcs, M. W. Hicks, and V. E. Eyilch 

exprrimental resdts which indicated that, at  high bemi power, the inicrnal kink 
mode could play ao important :ole in tokamak discharges notivatcd, in part, linea: calcu- 
lations usiag the hcorrpmsible approlrimatim, since tee internal. kink cannot bc studied 
with the rcduced model, Thc linear work not only used c fornnalisrn which relaxed thc 
odzriag assumptions used in the reduced eqiisations but also used highly efficient implicit 
ii merical  tccbniqacs. These techniques alsc allowed modes which wcrc not thc most 
mstablc to be studied This wcxk has now bccn extendal f o  include the nodinear terms. 
Comparison with othci conlinear codes and additional results wi!! be prese 

J,. ?i. Charltosa, 13. A. Carreras, H. R. Hicks, J .  A. Holmes, and V. E. Lynch 

Yhe use of a nonlinear resistive MHD model valid in the large-aspect-ratis limit has 
been successfupIp in inieipre'ing lowfrequency MHD activity in high-beta tokamak plasmas 
with !sw-powe~ injection. Recent experinimtal results indicate tha i  at  high irijection power 
the internal kink ;?as& could play an important role. Since this instability cannot b-, 
studied with the reduced MI1D model, a study was conducted using the full MWD equa- 
tions i n  ;hc Encompressibk limit. 'The computer code FAR was constructed wing these 
cquations. -4 squence of equilibria with differing beta values was studied for stability to 
linear L; = 1 modes. At low beta, the usual tearing modes of the tedraccd theory are visi- 
ble. At intesmediatc betas (1% d PO d 1596, where is the value of beta a t  thc magnetic 
axis) the anticipated idcd internal kink modes are see.-.. Ideal internal kink mealis ( I )  the 
mode structiirc is identical to the classical kink beat is confincd inside tFe q - 1.0 surface 
and (2) the structi~te of &he mode is basically unchanged when thc resistivity is taken to 
LCKO.  At gnlues of absve 15%, results idcctical to those fiorii the reduced equations arc 
recovxed when modes vE:h a resistive ballooning structure are unstab:c. 1Re existence of a 
region at high Bo where any de1eicr;ous effects due to thc ideal intcrnal kiok may bc 
avoided eonfiims results f ~ u n d  using an nnalytic theory and rtmilt~ from an idcab study. 

~~~~ 
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es with higher toroidal wave number are now being investigated. Details of the above 
and calculatiornal methods will be presented. 

metry with Full MWD E 

arlton, B. A. Carreras, J. A. Holmes, 1%. R. Hicks, and V. E. Lynch 

An incompressible, fully toroidal formalism has been developed which uses the full 
D equations. ‘Fhis ~ o ~ ~ ~ a ~ i s ~  has been used to construct a computes code which uses 

an i m p k i t  a ~ ~ ~ r i t h ~  to time-advance the unknown quantities. The a ~ ~ o r ~ t ~ ~  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. 

4.L2.5 ~ ~ ~ n ~ r ~ ~ w ~ ~ ~  F 
~~~~~~~~~~~~j 

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 iarge 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. 

~ ~ r ~ ~ ~ a l l y  ~ ~ ~ a t ~ n ~  Tokamak Piasmasn26 

W. A. Cooper 

A ~ a ~ ~ o o ~ ~ n ~  mode equation is derived from the linearized incompressible resistive 
HP) equations employing the eikonal representation. To obtain this equation, we ignore 

the velocity-shear-driven, Melvin-Helmholtz instabilities but retain the centrifugal force as 
a source of energy. The resulting second-order ordinary differential equation is applicable 
to arbitrary axisymrnetric 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 approximation to describe the modes. For small rotation velocity, we recover 
the static plasma result: the growth rate y is proportional to qtI3 ( q  = resistivity), When 
the toroidal rotation Irequency exceeds the growth rate, y scales linearly with q. The 
modes are driven by the interaction of the pressure and mass density gradients normal to 
the flux surfxe with the gedesic components of the curvature and the centrifugal force, 
respectively. 

4.1.2.9 “Suppression of Spectral Pollution by Angle Renomalizationn2’ 

W. A. Cooper and S. P. Hirshrnan 

It has been previously conjectured that the Fourier spectra of the cylindrical cwrdi- 
nates (R ,Z)  describing MHD equilibria (inverse mapping) can be significantly compressed 
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by aii approgriatr choice for the poloidal angle 0. Fly considering mappings of thc form 01 
- _ _  8 

for which $ . V & / g  V4  = ~ ( p ) ,  the respcctivc spectra in the 8.  and f l  representations 
can be related by a formula corresponding to spatia? frequency modulation of Rs and Z,,  
with a modulation index equal to A. Thus, for - 1, broadening (pollution) of the BZ 
spectra occurs. Exampies wlnich depict the spectral effects of inciernsiirg beta (plasma shift) 
and shaping of the plasma boucdarj are- considered. In two dimensions, the diagnostic 

d ( R 2 2 , x ~ . ~ ) / d @ ,  - 0 is used to chcck our results. 

i- A(O,d>, wherc X is a pcriodic fiinctim of (@,$I and is the poloidal flux coordinate 

A theory of magnetic fluctuations, field reversal maintenance (dynamo activity), and 
afionialous thcrmal transport in the MFP 1s proposed, Nonlinear gzaenation of the. coopling 
to m > 2 modes is advanced as an RE = P tearing mode saturation mechanism. The 
incchanisin by which nodinear m - I inodes sustain the toroidal magnetic field i s  eluci- 
dated T'hc prcdictcd fluctuation ievc'ls are consistent with those required for maintaining 
the Bz configuration. Zleat transport is estimated using stochastic magnetic €idd diffusion 
argiirrrents 

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

4.1 .LP ~~reowy of ~~S~st i )PL. ty -GF~die~~-DTi l )~R ~ w b u d s n c e ~ ~  

L. Garcia, R. A. Carreras, P. II. Diarnond, and J .  D. Callen 

A theory of the slonliacar evolution and saturation af resistivity-driven turbulcnce, 
which ~ V Q ~ V ~ S  from l i n e a  rippling instabilities, is presented. 'Ihe nonlinear saturation 
mcchanisrn is idedfied both analytically and numerically. Saturation occurs when the tur- 
bulent diffusion of the resistivity is large encugh so that dissipation due to parallel electron 
thermal conduction balances the inonlinearly modified, resistiviey-gradie;n'c-drivinl: term. 
'T'he levels of potential, resistivity, and density fluctuatims at  saturation are calculated. A 
combination of coi-nputaticnal modeling and analytic treatment i s  used in this investigation. 

lA Garcia, B. A. Carreras, a d  TZ. R. Hicks 

It has been shown that corrections of Braginskii fluid cquations of order "L'/v, intro- 
duce a ncw term in the Ohm's law proportional to the time derivative: of the thermal force. 
1'Ris term caw produce an instability driven by the free energy stored in the electron terra- 
petatuse gradient. 'R'hc modes are strongly localized around the singular surface and could 
bc icleztified as microtearing We h a w  calculated the linear stability properties of these 
modes in cylindrical ani" slab geometry, and thcy eomparc favorably with the analytical 
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ispession relation. We are presently investigating the nonlinear saturation in th 
elieity a ~ ~ F o x ~ ~ ~ ~ ~ ~ ~ ~  as a first step to study nonlinear interaction of modes of 

helicities arid h~eaking of magnetic surfaces. 

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

We have proposed the nonlinear coupling of resistive tearing modes ;os the 
for some tokamak disruptions. This is based primarily on j n ~ t ~ a ~ ” v a ~ ~ e  resistive 
culations performed with a finite-difference grid in minor radius and Fourier s 
sion in the psloidal and toroidal angles. The calculations show that, for cestai 
the nonlinear interaction of tearing modes of different helicities lea 
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 “numerical effects play a signifi- 
cant role. Computational results based on RSF and related codes must be regarded as 
suspcct until ~ n ~ e ~ e ~ ~ ~ ~ ~ t ~ ~  confirmed.” However, i t  i s  shown here that it is their result 
that i s  incorrect, because even though the true solution enters a turbdenf phase, they use 
only 11 Fourier modes to represent 2 space dimensions. ’The 1 1  e result is. ~ ~ ~ ~ ~ t a ~ ~ ~ ~ ~ y  
different from results obtained with more modes, and one canno ive from it ~ o ~ c ~ ~ s i ~ ~ s  
about the reliability of numerkally converged results. Moreover, the energy eonservat’ 
test, as performed by Eastwood and Hopcraft, is neither a necessary nor a sufficient co 
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 ~ ~ i ~ ~ ~ ~ a t i ~ ~  pus 
the numerical techniques near their limits. Therefore we (and other ~~~~~~s~ have heen 
especially careful to verify that the results are reliable by routinely carrying aut tests that 
refute the conclusions of Eastwood and Hopcraft. In addition to converge 
same results are produced with four different integration schemes that incl 
implicit and mostly explicit schemes, finite-difference methods, and spectr 
results we have published, and in particular the basic nonlinear mode coupling  is^ 
of the tokamak disruption, are reliable and survive the appropriate numerical tests, 

4A2.12 Nonlinear ~ ~ t e r ~ ~ ~ ~ o n  of Tearing Modes: A Comparison 
and the Reversed Field Pinch 

J .  A. Holmes, B. A. Carreras, T. C, Hender, 1-1. R .  Hicks, V. E. Lync 
and P. H. Diamond 

The multiple-helicity nonlinear interaction of resistive tearing modes is compared for 
the tokamak and RFP configurations using the MHD eqalations. Unlike the case of the 
tokamak disruption, for which this interaction is destabilizing when islands 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 understood 
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 thc growth of the dominant instabilities. Furthermore, for the 
RFP configuration numerical results indicate that nonlinear coupling of different helieities 
results in noticeably more rapid saturation of the dominant instabilities than was observed 
in single-kselicity 5tirdies. 

'Institute for Fusion Studics, University of Texas,  ust tin. 

of MHD ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 3 3  

W. A. Houlberg, S. P. I-Iirshman, and S. E, Attenherger 

Toroidal MHD equilibria calculated f~onn inornents expansions generate Fourier series 
in the p~loidal and btroidal (in three dimensions) angles and a coupled set of differential 
equations in the radial coordinate for the expansion coefficients. Numerical solutions for 
the inverse equilibria [ R(p,O,#), Z(p,O,I#)] are therefore continuous in the angle coordi- 
nates and discrete only in the radial coordinate, thus requiring interpolation only in the p 

coordinate. When I# i s  the real toroidal coordinate, the inverse [ p ( R , Z ) ,  O(R,Z)]  in either 
two or three dimenisions is easily arid efficiently calculated by the iterativc scheme 

is the Jacobian of the transformation from (RpZ) to ( p $ )  and the subscripts p and 8 desig- 
nate derivatives with respect to those coordinates. Exampies of using the sclnemc 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 nonciscular and/or nonaxisymmetric plasmas. 

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

The ideal MHD It-Iain-Liist eqilation yields thc well-known continuum of shear AlfvCn 
waves d e h e d  by lmax, a,$ = k i v i  (kil # 0). This second-order dif- 

ferential equation also possesses discrete spectra for a2 < cui Imin ,  recently investigated by 

2 2 lmin d w d 
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'Xnshitiitc f t ~ r  Fusion Studies, University of Texas, Austin. 

'New Yo& University, New York. 

. C .  Shaing, P. M. rreras, and L. Garcia 

'The e ~ r ~ ~ ~ e ~ ~ e  of temperature dient-driven efcctrostatic rippling M 

consider the saturated state where t gated ~ ~ ~ ~ ~ t ~ c ~ ~ l ~ r  and numerically, 
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pctmtial arid resistivity perturbations are shifted radially outward from equilibrium posi- 
tions a d .  effectively decoupie from the cxi~ccnt pertearhation. The rnodc width is dcter- 
mined from the balagcc of tlncr;w,;r,al conductivity with the nodincar E X B convectiun of 
resistivity. 1 he:wal conductivity provides the s for rriutdiceady transferred cnergy input 
hy the temperature gradient. 'The rippling mode is investigated a< a possible candidate for 
edgc fluctiiatiowi. The twc-pint  rcsidvity corrchtior? is solved and cvaluated for scveral 
Reynolds nrwbers. Incohercnt cinissio; driven by the relaxation of the ternpcaature gra- 
dieat i s  treated, and enhanccd fluctuation levells for e$ /T ,  and t/q0 are obtaiilcd. The wave 

imurnber spcctrum is calculated pnd transport estimates MG reported. 

'In3tit;rte for Fusion Studies, University of Texas, Austin. 

4.1.2,l'T "bvestIgation into the Stractwre of Saturated Magn#etIc Islands i8.i I Poloidd 
DEuert5r T c a k a ~ ~ a l k ~ ~ ~  

E. Uchiniotoh,* J. D. Callcn, 1,. Garcia, and E A. Carreras 

A c o m p t e r  codc i s  being develeped to numerically advance the 3-11 resistive mag- 
netohydrofriction (MUPPJF) cqiations ii-r a poloidal-divePtor-eorr~~uration tokamak. This i s  a 
nat!iral extension of the 2-I) resistive MIIF code that finds axisymmetric MMD equilibria 
in such a device. The primary objective of the new code is to find a nonaxisymmetric lower 
energy state with saturated magnetic islands and to understand ROW-q discbarges in the 
Wisconsin Tokapok 11. In order to haadk the divertor separatrk, the equations are writ- 
tern in a fmitc-difference form in two Cartesian components in a poloidal plane Thcy arc, 
however, Fopnries analyzed in the toroidal dircction to facilitate an efficient representation 
of the island structure Time advancement i s  explicit. 

'IJniveisity of Wisconsin, Madison. 

4.1.2.18 "MIID E iew sf ;II Boloidai Diveatrss ' r o b  

E. Uchitnc,to,* J. ID. Callen, L. Garcia, and B. A. Carreras 

The Wisconsin Tokapok I1 is a poloidal-g'nivertor-conf~guiaiion tokamak with a csnsid- 
erable amount of plasma residing outsidc the separattix. 'I'o help us understand resistive 
MI1D instabilities in such a geometry, a niitraerical code has been deve?opcd to find MMD 
equilibria in a Tokapole-type device including plmna pressure outside the separatrix. The 
code en-rphys the basic fca?ures of ths: Chsdura-Schliiter method for an axisymrnetric 
plasma in which a set of 2-D MHF equations is numerically advanced to relax the plasma 
info an equilibrium configuration. This method i s  advantageous over the standard Grad- 
Skafrariov approach in that the rnultivaliiedncss of the pressure p and poloiddal current Z 



c. 1". Medrick and I.,. w. Owen 

S crsnsists of four bumpy cylinders coainected hy four high-fkleld L'corncrs." 
Werc we cermpaae the magnetic ~ ~ ~ ~ ~ ~ ~ r ~ u ~  properties of an EBS with those of EBT-I/S. 
W e  also give a qraaliiative discussisan of ~ ~ n ~ ~ ~ ~ ~ ~ r t ~ ~ ~ ~  drift orbits which provides further 
insight into the detailed numerical calculations. 

"$he standard tkcory of close (arid rai i r r~)~)  equilibria i s  sketched using both 
M I m  and dsilt kinetic formalisms. rift kinetic approach provides ti more direct con- 
nection to the fact that pressure s u ~ f w e s  for isotropic ~ i ~ t r ~ ~ ~ ~ ~ ~ ~ ~  Siinctions art: "average 

). An analytic calculation of the pressure sur- 
in 

drift surFaa;cs" (surfaces of constant f d 
f$ces shows khat they asr, circular in cross w:cticsn (and constant along field lines) 
agrecment with warmerical results. As i n  the: EBT-IjS case, these circles are shift 
by toroidal effccts. IJnliLe EBT-I/S, the tssroidal effects for FBS are concentra 
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1 ‘  nlgh-B CornerF, and the qhift shows an additional dcpcndcfice on 3corner (or global mirror 
ratio). It is this dependence on global iiiii-ror ratio which is exploited to reduce the pressljie 
suiface shift (average drift surfacc), as well as the shift of passing and transitional par- 
ticles. 

I he drift behavior of trapped, passing, and transitional particles is usually obtainzd 
using bouacc-averaged cqi:ations. Here we justify this procedure and discuss the motion on 
thz shorter (local drift) time scale--either oiic of which m a y  bc vised to gain qualitative 
insights into the behavior of singlr particles--and h c n ~ c  insights into collectivc effects such 
as transport and heating 

- 

I n  the bumpy square configuration, toroidal curvature is localized in the corner sec- 
ti0i;s iathcr than uniformly distributed. as is the case in the existing circular k.BT con- 
figuration. I h i s  feature, co~~p leb  with the fact that the magnetic field i s  higher in the 
coriler sections, results in a nuinbci of distinct advanidges with respcct to particle 
confmement, heating, dnd irafispoit. It might bc expccted, however, that ballooning modes 
should have some. teadency to concentrate in the corim sect:ons~wspecially along t::e 
outcr field lines where tlnc curvature and pressurc gradients are unfavorable Here we. 
examine the stability of such a colifi‘igunalion iisina a bdlloonhg mode equatioii derived 
from the geceralized kinetic energy principle. The side and corner sections of thc square 
are treated with piecewise constarit approximation and matched at a transition boundary 
to obtain the stability condition. This rctaias the ring-core coupling and yields both tlac low 
p, diamagiletic well stabilization condition and a high 8, stability limit analogous to the 

- 

Van Dam-Lee-Nclson 6, limit. Due to 
tively weak curvature there (5  1 /2  of 
limit i s  not significantly changed from 
cular bumpy torus configuiation. 

‘Institutc for Fusion Studies, University of 

tha high magnctic field in the coiners and the rela- 
the curvature in the bumpy sections), this upper 0, 
that which would be present in the conventional cir- 

Texas, Austin 

I n  a closed-ficld-line device such as a bumpy toius, the cornbind E X B and V R  
drifts Icad to chargc scpxration that is balanced by the ion polaiization drift. In this work, 
we detciainc self consistent poteatial and density profiles and the condition for electric 
island formation. 

~- 

‘Giza University, Cairo. Egyjlt. 
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'Giza University, Cairo, Egypt, 

W. E Y U M ~ *  and S .  P. ~ i r s ~ m a n  

facilit,iting reacior nnaiaateilance a 
c,aazst:oaas a$ plasma stability, stringent ~ ~ ~ ~ ~ r ~ ~ e ~ ~ ~  on field line cIo~urc, and serious par- 
t i c k  transport losses due to dispersion in the particle drift orbits remain unresolve 
Scveraj ideds for ~~~~~~i~~~ thc aspect ratio have been put forth with potentially significant 

2ts. Sone of tbese retain the closed-field-line c o n ~ ~ ~ ~ ~ ~ t ~ o ~  with ccirrespondimg 
:IGG;L o w  coil alignmenat, and others require a nonplanar minor axis, ~ o ~ ~ ~ o u n ~ ~ ~ ~  

The EB1' is a large-aspeck-rat dcrice which provides good access to the pBa 
the introduction ol  external heating sources. 

naedranical stresses in reactor-scale devices. 
ay ba: corrected by driving a modest (by tokamak stan 

current in EKT, Ihercby providing magnetic f lux  sur frrces with rotational. transform and 

reduce: thc si,, of an 

present \VI3llk, 3-D rs4f%XP 

ear. r'hk may Sff6P way to retain the simplicity ~f a planar, circular torus and possibly 
T rcactor by requiring fewer sectors 

P1:3sma stmbalttg and 1 nspost are Iargcly un  plored for a current dricen EBT. I n  tha: 
ilibria are deterrnin using an cnergy principle to ~~t~~~~ the 
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solution of the force balance equation for ncsted magnet ii flux surfaces. Equilibrium states 
are Coiind for a range of plasma beta a d  rotatioiial tiamform and rompai-et], for three cir- 
cular coil cudigiarations -tokamak, EBT-S, and €!TI$ with a spli t-vdge TF coii--all with 
the sarnc aspect ratio and pldsma volu~me 

In  K:BT a convergent solutio11 IS not obtaincd for very low rotational tiairsform (e  << 
1).  Iligh transform, t . 1,  can bc obtained with a toroidal current of 40 kA. I n  this casc, 
equilibrium stales are obtained ds the plasma begins to form a magnetic well. ,4!so, there 
appears to be stabilitj against kink inodes for t >- 1. I'his may be dsic to thz local 
minirniirn-B regions, present i n  r, magnetic apcr iac ,  preventing displacemmt of thc 
magnetic axis and inhibiting the growth of thcsc modcs, By contrast, 110 convergctcc is 
feud in  the tokamak for t 5- 1 .  

The effect of the hot electsuia ring diainagmtism has not yct been included. HOWCYCII, 
based 011 the K,BT experiniait, o m  woi.ild expect the ring to stabiliLe the surfxe pla?lm 
against flute niodes. It is expected that imposiirg the required equilibriuin fields will influ- 
ence the rings. These encouraging results invite furthen exploration of this concept a i d  
may justify an experiment on EBT-S. 

'McDonnell Douglas Astionantics Cn., St. Louis 

4,2 TRANWORT KINE'I'ICS: KINETIC 'I'HEORY 

The transport kinetics effort integrates topic? that cross the boundaries of the tradi- 
tional subcategories of theoretical plasma physics: equilibrium, orbits, stability, heatkg, 
and transport. While an immediate goal is to provide theorizs and codes that permit direct 
comparison with current and near-term experiments, another goal is to provide the back- 
ground and insights necessary for understanding and predicting thc behavior of longer-term 
experiments. 

The electric field plays an essential rolc in  plasma confinement for nonaxisymmetric 
systems, and the experience zequired in EBT resezrch has proved ticry useful, Tine analysis 
of the radial electric field was extended in several arcas. Differential equations for the 
electric field were developed to ticat differeiit eollisionality regimes in a n m ~ b e r  of devices. 
The stability of the radial eleetrk field war considered from a thermodynamic point of 
view. A potential callcd the generaliLed hcat production rate was defined. This new yairnt 
of view improved the understanding of radial electric fields in nonaxisymm&ic magnetic 
configurations. The StelhiatQr version of the WPSIST code, which is iis~cl for prcdicticg 
ATF performance and for analyzing I Pehtron-E data, was upgraded by the development 
of a package that riot only solves the algebraic equation for the electric field but also 
checks the roots for stability and reliably tracks their evalution in time., Detailed studies 
with this code, using both algebraic and diffusive models to find self-consistr;nt solutions 
for the electric field, hnvr showE: t h a t  large !os§ regions can he healed with modest radial 
fields. 

Tiit: poloidal electric field was determined in various regimes for stellarators, and most 
of this analytic work was incorporated in the stellarator version of thc WHIST code. A 
multifluid treatment of the non-Maxwellian electror. distribution function WGR developed to 
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obtain the poaoi al electric field in bumpy tori. The first results have been compared with 
nieasurernents done in P: li", and good agreement \vas fi3sPnd. 

Ncoclassical diffusi 
been ca lda ted .  These coefficient 

~ ~ ~ ~ ~ ~ i e n t ~  for stellarators .with a radial electric field have also 

Carl0 GQde at oRp\TL ail$ Zit the x-Planck- Institut tins ~ ~ a s l ~ ~ ~ h ~ s ~ ~ ,  Garching, Fcderal 
epublic of Gernmany, In regimes whew the theory applies and t e ~ ~ ~ n t e  Carlo ealcula- 

Carlo code has been 
benchmarked against the ~ ~ ~ ~ ~ ~ ~ - ~ ~ n t ~ r  Monte Carlo code. Agreemerat is g o d  for trans- 
port duc to helicaliy trapped particles. ehter rniadels f9r n m  -KelicalEy trapped particles are 
being developed. For example, an irngroved ~xpression for the adiabatic invariant associ- 
ated with non -laelicaliy trapped particles in  stellara tors was suggested based am experience 
with EBF. h simple physical picture !'or describing the ~ ~ ~ ; ~ ~ ~ ~ ~ r  of transitional par- 
ticles was advanl;ed. 

devcloped. It i s  based on g-xnode turbulence ~ ~ n ~ r ~ t e ~  in the region with V" > 0 and 
incorporates {he effect of ploidal rotation $0 couple to the radial electric field effects. 
Various sealings in stellarators and rippled lokamaks were analyzed and clarified. This led 

taons are valid, agreement is gmd, Ths: ~ ~ ~ ~ ~ ~ - a ~ / ~ r ~ ~ ~  Mlon 

An a~~~~~~~~~ ~~~~~~~~t anodel for the edge of t o r s ~ ~ ~ o ~ ~ ~ e ~ ~ ~ ~ r ~ ~  devices has been 

to an improved ~~~~~~~~~~~~~~~ of the transport assa,ciahed with collisionless trap- 
~~~~9~~~~~ orbits in steliaratrsrs and tokamaks. 
I: ~ ~ ~ t e ~ r a ~ ~ o ~ ~  of neoclassical theory with anarnalol~s transport mechanisms i s  being 

developed, and the results can have 3 strong impact 11 the overall picture of stellarator 
transport. Im this area, statiility and transport for Bisms were ~~~b~~~~ to develu 
resistive-MaPi D-like equations in the ~~~~~~~~~~t~~~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ y  regime using both kinetic 
and fluid ~ ~ ~ ~ ~ ~ a ~ ~ ~ e ~ "  

~ ~ ~ l ~ ~ ~ ~ n g  the effects of orbit r e ~ ~ ~ ~ ~ a ~ ~ ~ a t ~ [ ~ ~ i ~  a detailed evaluation of the microstabil- 
ity of elcctrostatic and ~ ~ ~ ~ ~ r ~ ~ a ~ ~ e t ~ ~  drift waves was accomplished using a time- 
~ ~ e ~ ~ ~ ~ ~ ~ t ~  nonlinear Vlasov eode< 

In  a bumpy torus the radial electric field i s  determined by the constraint of ambi- 
polarity. If both species 3re dominated by ~ ~ ~ n r ~ s o ~ ~ ~ t  diffusion, then the a ~ ~ ~ i ~ o ~ a ~ ~ t y  
relationship as it is usuaIly ~ o ~ ~ ~ u ~ a t ~ ~  is algebraic in the electric field. The solutions of 
this algebraic equation may have a discontiniao~s first derivative of the electric field. The 
~ ~ ~ ~ y ~ i c a ~  situation arises from the neglect of the finite orbit deviation from the pressure 
surface. If the fluxes are calciilated to higher order in the inverse aspect ratio, a second- 
order differential e uation for the electric Geld is obtained that will give a continuous first 
derivative for the electric field. 
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D. E. Hastings 

I n  a torsatron, the anibipolar electric field i s  obtained by equating the ion and elec- 
tron fluxes. This formulation, when solved sirnultarieously with the density and tempera- 
ture rate equations, gives continuous electric fields b!xi may lead to the radial derivative of 
the electric field being discontinuous. This urnphysical situation arises from the neglect of 
the finite orbit deviation from the flux surfaces. If the fluxes are calculated to higher order 
i n  invcrse aspect ratio to include the finite orbit deviation, then a second-order differential 
equation is obtained that will give a continuous first derivative for the electric field. 

4.2 i .S ~ b a  ?imbipolar ~iertric Field ia ~ ~ z r a t o ~ s ~ ~ ~  

11. F I'lahngs, W. A. Houlberg, and K. C. Skiing 

In  n 3-1) device like a stellarator, the mibipolar electric field mtast be determined 
self-conAtenfly from the ambipolarity constraint and can have a significant effect on the 
transport through the diffusion coefficients. A differential and an algebraic formulation for 
the electric field arc solved along with the density and temperature equations. The results 
are compared, and in both cases multipk electric field solutions can exist with bifurcations 
occurring between different solutions. It is shown that heating of the electrons encourages 
bifurcation to the more favorable positive clectric field foot 

4.2-1A "Cslcala*iov sf the Salf-Consistem4 Ekclric Field !TI I csroidnl Nosaa~isywnnmetric 
DciiceSw4* 

D. f 4  IIastings and 'r Kamimura* 

In a toroidal nonaxisyinmetric plasma, the radial electric field i s  determined by the 
constraint that the radial ion and electron fluxes be equal. This ambipolarity relationship 
is, in  general, a nonliriedr alg ic cquation 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 thcre exists a boundary in the density, electron temperature, anal ion 
ternperatare space across which the potential changes abruptly from a spatial hill to a 
spatial well. 

'Institute for Plasma Physics, Nagoya University, Nagoya, Japan 

In a torsatron there are niultiple solutions to the ambipolarity relationship foi the 
electric field. If the plasma attempts to change from one solution io another spatially, then 
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it typically has 3 srndll electric field over some rcgiosa of space Over [his region, the self- 
consistent ~~~~~~~~ electric field can be impoBtarst and lead to potentia! isBamds. If the 
plasma i s  in the salpelrbbndnri-plateau regime, thew slow rcsoaant particles eincit the irate of 

the plasma is changi g roots 0% the anabi okarity ~ c ~ ~ ~ ~ o ~ s ~ ~ ~ ~ .  
chingc of the el~ctria: fie':d and, hence, givc 3 rniaiirnum width for the spat1d ;~owc svherc 

K .  C .  Shning 

The effect of external noise ow the tsarnsition of the radial ekxtric field i s  stddied. 
Depcnding on tlme size of the fluctuations, the t ~ ~ ~ s ~ t ~ ~ ~  of the radial electric field can 
either exhihit hysteresis or choose the path for which thc Ithermo ynamie: potential (gen- 
eraliLed heat production rste) S I  is an sbsuluts: minimum. bIiactuations other thnn the 
radial electric field arc z k n  rtladied. 

K. c. Shailng 

e stability of the radial electric ficld ara a ~ ~ ~ ~ ~ ~ ~ ~ y ~ ~ ~ ~ ~ ~ t ~ ~ ~  lor s i s  diSCLlSr;Cd from 
~ ~ ~ ~ ~ ~ ~ a r ~ ~ ~ ~  point of view. It is found that for bath rad:ali icea I and nonl~,%3l 

models, the stable radial electric fie1 is at the lrxairiirnum of tlac generalized heat prod~ic- 
tion rate. A simelarity betwcen the local model and the liquid-gas phase transition i s  
pointed out. 

K. C. Shaing, R. H. Fowler, D. E. Hastings, . A. Hoaalberg, E. F. Jaeger, J, F. Lym,  
orne, and J. S. 'T'oBliver 

The. effcxts of radial zlectric fields have been stu for a wide range of  nonaxisym- 
metric tori (e.g., rippled tokamak, s t ~ l l ~ a t ~ r ,  and . For these devices the partick 
fluxes are not intrinsically ambipolar, and a radial electric Iield E,  ~~~~~~~~ to ensure 
quasi-neutrality. Such effects on plasma transport have been studied in four areas: (1) ana- 
lytic expressions for particle and heat fluxes and comparisons with ~ a ~ ~ ~ ~ ~ a ~ ~ ~ ~ s  by others, 
(2) Monte Carlo s ~ ~ ~ ~ ~ ~ ~ ~ ~ s  of transport scaling, ( 3 )  transport d e  s ~ ~ a a ~ ~ i ~ ~ ~ ~ s  for exist- 
ing and proposed evices, and (4) analytic u n d e r s ~ ~ ~ ~ ~ ~ ~  of the stability of an E ,  value 
arid the probabilit 

Because of a  el^^^^^^^'^ corraplicated orbits and the strong effect of E ,  on these 
orbits, a Monte Carlo code was used to  benchmark the theoretically derived transport 
expressions. Figure 4.4 shows the data points for Monte Cads calculations of the diffusion 
coefficient in a n i~del  P 1 stellarator. For mall values of  E,, the orate Carla results 
agree closely with the predictions of theory. t, when E ,  i s  increase (with either sign), 
thc value of k;, rapidly decreases to a residual level which is ro the axisymrnetric 

caused by noncv~iservation of momentum by the Monte Carlo test particles and the 

f transitions between allowed values for E, .  

neoclassical value with Y,, replaced by Y,, and m, replaced by m,. aSyIIIp~Qtic level i S  
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resulting flux generated by like- pal t ick collisions. Similar results pertain when we follow 
test particllcs in the correct ATF magnetic field, which has a richer harmonic content. A 
similar Monte Carlo code for EB'1 with a bounce-averaged collisien operator has been 
developed. Since the flux analogous to that of thc axisymmetric tokamak part (Le., thc 
parallel-friction-driven flux) is much smaller than the flux induced by the bounce-averaged 
drift orbits, the problem rnentioncd above does not occur for EBI-. In this case the Monte 
Carlo results agree with the theoretical results in the limit wheie thc thenry is valid large 
aspect ratio, Bargc; Er7 an9 small radius. 

barher work obtained an algcbraic equatioin for E, f r m i  the ambipolarity condition. 
However, an algebraic equation can yield multiple roots, some of which are unstakle: In 
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H. Fowler, D. E. Hastings, W. A. Houlherg, E. IF. Jaeger, J. F. Lyon, 
Tollaver, and  J. D. Callen 

In a stellarator, the particle uxes are not intrinsically ambipolar, and a radial elec 
field E, develops to ensure qua neutrality. The radial electric field is ~ ~ ~ ~ t a ~ t  to 

1raent of a stellarator. fn the presence of d strong E,, the pa S eXe;C!.lt& a fast. 
~~~~~~~~ rotation that reduces the size of the particle orbits a 

the confinement. 0th analytic calculations and Qnte Carlo Si l l Id i3  

the diffusion coe the radial electric cients decrease as the value 
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low collisionilulity regime. The value of E,  needs to be determined sclf-consistently from the 
transport equations. An evolution equation for Er is developed from neoclassical transport 
theory. Two models for Er have been considered. One is a radially local model obtained by 
balancing the electron and ion particle fluxes. In the radially nonlocal model, besides the 
usual 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 valuc of E,  i s  at a minimum of this potential. The transport simulation results from 
these two m d e l s  with the ATF-like parameters show reasonable confinement tirnc and 
plasma beta. 

G. L. Chen, 1,. W. Owen, D. B. 

Nonadiahalic changes of the magnetic m 
analytically and numerically. Simple forms 
obtained, permitting the changes in these qu 
ping. The mapping results show stochastic behavior for particles having high energy and 
low initial p. Otherwise, superadiabatic motion appears. 'The stochastic diffusion ~ , ~ ~ ~ ~ ~ ~ ~ ~ I i t  
for the variation of p was: measured numerically by mapping and was also icalcrnlakxl from 
quasi-linear theory. The results are shown to agree well in ?be stochastic region. For high- 
energy particles, the diffusion in j.t due to n o ~ ~ ~ i ~ ~ a ~ ~ ~ ~ t y  can be cosamgarab1c to co8lisional 
diffusion when stochastic motion occurs in EBT-S. 

4.2.2.2 aMonte Carla Studies sf ~ ~ ~ n s ~ o r ~  in S ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ j 5  

R. 13. Fowler, J. A. Rome, and J. F. L p n  

Transport i s  studied in toroidal geometry by i ~ t ~ ~ r a ~ ~ i i ~  the  in^^^^^^^^ eqslatiesxa s 
in magnetic coordinates and simulating collisions with a Monte. Carlo collision operator. 
The effects of t e ambipolar electric field on diffusion lasses are. ~~~t~~~~~ for nndel 
magnetic fields and the correct magnetic field of the ATF stellaxator, ~ a ~ ~ ~ ~ ~ ~ o ~ ~  arc 
made of the computed diffusion coefficients and the theoretically predicted values. 

4.2.2.3 “Transport Associated with the Collisionless  et^^^^^^^^ 
~ ~ ~ a x ~ s ~ ~ ~ ~ r ~ ~  Tarus 11”56 

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

In a previous paper, we discussed heuristically the transport scaling associated with 
the coilisionless detrapping/retrapping orbits in a nonaxisymmetric torus It i s  fourad that 
the transport scaling depends on the retrapping possibility of the toroidaily tra 
ticks in a time scale of the order of uc’, where wE is the E X ~~o~~~~~~ drift frequency. 
(Here we adopt the strong electric field ordering, Le., w E  > w V B  the V R  drift ~ ~ ~ ~ l ~ e ~ ~ ~ . ~  
Now we develop SL kinetic method to calculate the transport coefficients in a stellarat 
with an even retrapping probability distribution in the rsh-angle space. his methcd i s  a 
generalization of that developed in ORNIJ/TM-8773. ’ e solution we obtain i s  cosntinuous 
in both pitch-angle and configuration space. It i s  found that if the ~ r ~ ~ ~ ~ ~ ~ i t y  ~ ~ s t r i ~ u ~ ~ o ~  
is localized around the trapping/retrapping bourtdary, the Kovrizhnykh scaling is obtained. 
On the other hand, if it is a uniform distribution, the GaXeev and Sagdeev scaling prevaifs. 
Our approach can treat an arbitrary probability distribution; therefore, it represents a gen- 
eralization of those two scalings. It is also found that the Galeev nd Sagdeev scaling is 
strictly valid only in the limit of eh >> tt. In case of ch - ct and or F of unityy correction 
is required. With slight modifications this method is also applicable to a rippled tokamak. 
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4.2.2.4 “Collisio opt  io Bumpy 

D. E Hastings 

Neoclassical diffusion coefficrents for a bumpy torus were first computed by Kevrizh- 
nykh. We showed that for low collisionalities the transport rates scaled with collisionality. 
However, he ignored many important effects, and recent theoretical work in the collishn- 
less limit indicates that substantial modifications need to be made to his diffusion coeffi- 
cients. First, in a closed-field-line device thc pressure surfaces can deviate substantidy 
from the surfaces and, in addition, can have some ellipticity It is found that the 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 diffusion coefficients. Second, in a bumpy 
torus therc can be a significant poloidal electric field, which enhances the radial drift and 
therefore the transport rates. This can be calculated self-cmsistently from the requirement 
of first-order quasi-neutrality. Third, when a realistic magnetic geometry is used in ksasnce 
averaging the differential collision operator, particles r7ear the ti apped/passing boundary 
make a larger contributiori to the transport than indicated in Kovrizhnykh’s work. In par- 
ticular, it i s  found that for collisionalities close to one, a collisional boundary layer forms 
across the trapped/passing boundary, and this leads to diffusion coefficients scaling with 
the square root of collisionality. For lower collisionalitics, the effect of collisionless detrap- 
ping i s  important, and this leads to transport rates scaling with collisionmalily but with the 
inverse aspect ratio ratbcr than its square. When these resdts are generalized to a 
multiple-ion-species plasma, it is found that energy coupling between the different ion 
species can produce significant modifications of the diffusion coefficients. The mew diffu- 
sion coefficients with all these effects included have been confirmed with the use of a 
Monte Carlo code developed for bumpy tori. Finally, the use of these transport rates in 
one-ancd-one-half-dim?lcnsional ( 1 M-D) radial transport codes indicates much lower lifetisncs 
than obtained with the Kovrizhnykh coefficients. The !ifetimea now obtained are within a 
factor of 2 of the experimentally obsG;rvd ~n~mbers.  

Field Line Device in tlae Collisional, 
Small Electric F 

D. E. IIastings 

Neoclassical diffusion coefficients are obtained in the collisional, small-electric-field 
regime for any bumpy closed-field-line device. ‘4 variational principle i s  used, and energy 
scattering is included in the collisional. operator. 

An analytic expression for the neoclassical flux valid in both a multiple-helicity torsa- 
tron and a bumpy torus in the superhanana-plateau regime is obtained. The expression is 
valid for arbitrary values of +’, the radial electric fie!d, & d d ,  with eN the effective helical 
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~ o ~ ~ ~ ~ ~ ~ t ~ o ~  or bunapiness, axid with CT 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 a’ is obtained from the ambipolarity relationship. 

Monte Czlrlcs eodes can be used to account for the effects of large orbits and loss 
regions if theit results ace interpreted in a nonlocal manner. In a tokamak, because of 
~ ~ x ~ ~ y ~ ~ i c t ~ ~ ~  the orbits equations can be Integrated by using three Constants of motion 

s): the energy the magnetic moment p,, and the toroidal canonical angular 
~ ~ ~ e n t ~ ~ ~  k,. Even a. large collisionless orbit is just a point in COM space. When colli- 
sions arc introduced, the motion of an individual particle in CQM space resembles a 
r ~ n ~ ~ ~ - w ~ ~ ~  process, and the collisionless motion of the particle can be separated from its 
collisional motion. The variables used for the calculation ate $, eY p, and P,. In this space, 
the Jacobian i s  (vd . V+)- ’, wliich is just the fraction of time spent at any paint along the 
orbit. The  top^^^^^^ of this space is  examined to determine the locus of allowed particle 

the iuss region boundary, To calculate the density and flux, Monte Carlo par- 
ticles are followed in real space by integrating the equation for dvll/dt. After each integra- 
tion step, pitch-angle and energy scattering occur and the new COMs are calculated. The 
ncw values of I$,,, and $min are calculated numerically to determine whether the orbit 
crossed the surface 1c/ for the first time. If it did so, the change in flux i s  given by the map- 
ping of ( ~ ~ ~ / ( A ~ )  onto (A$,,,,,,i,)/(At). The density can be obtained by integrating 
f ( e , p , P S )  over the portion of CBM space containing those orbits which pass through the 
flux surface, The principal advantage of this rnethod is that it separates the motion of the 
particles along their collisionless orbits from their collisional motion between orbits. 

9Ionte Carlo Estimates of Transport Rates in EBT with Asymmetric Potential 
IProfilesW6~ 

J, S. Tolliver and C. L. Hedrick 

The BRNL bounce-averaged EBT Monte Carlo transport code has been used to study 
loss rates in EB’IT for three eases: (1) closed electrostatic potential contours which coincide 
with the alpha contours, (2) in-out asymmetric potential profiles producing crescent-shaped 
~ ~ u ~ ~ o t e n t ~ a ~  surfwes, and ( 3 )  asymmetric potential profiles with open equipotential con- 
tours (ie., potential contours that intersect the “wall”). Since low-energy particles are 
strongly influenced by the E X IB drift to roughly follow the potential contours, such 
asymmetric potential profiles can be a significant loss mechanism far 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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iis x-Averagcd Murate GwTk t tiom f0-a StaB!aratarsw52 

J .  S. Tolliver and .J- A. R ~ n e  

W e  have developed a hounce-avei agcd Monte Carlo code suitable €car s icbrator  trans- 
port physics By bourice avcrsging, we avoid ihc x e d  to fellow the detailed longitudinal 
motiun of test paiticles and a i 2  able to usc much hrger time steps that1 are appropriate in 
guiding-center coilss. T k  codc rum considerably faster ;hail a guiding-ccnter code and can 
be economically used for electrons as well as ions. The code has been benchmarked against 
analytic theory for EBr,  in which all particles C Q ~ S W W  J and can be treated by bounce- 
averzging. 111 a stella rator, particles can becol rx +trapped so that bounceaveraging no 
longw applizs We ~trake the assumption that wch particles stream along fide" lincs until 
thcy (eithzi Lollisionlcssly or via collisions) become. rctrapped. RsslaEts will be presented 
using a mudcl field for the A l F .  

d Nesclassical 33iffUbiQrn cf Nocrcsoaant 

R. 1. Miller,*C. S. Chang;*and D. K. Lee 

Sigiiificantly elrhanced neoclassical diffusion is found for the hot nonresonant specics 
in ail EET dcvice by considering the detailed pitch-angle scattering for the transition and 
passing paiikizs. Duc to tbc- presence of transition particles (trapped-passing boundary), 
the drift kinetic cqiiation has morc pitch-angle structure in the vertical drift teem than has 

?;I considered Using a bounce-averzgcd, pitch-angle-scstterine; collision oper- 
50i1 is solved numericsIly, and evidence sf a plateau regime is sought. Iiniiial 

calculations u4ng a collision operator that was not bounce-averaged agrcc with the results 
of Kovrizhnykh in the collisional rcgime but yield diffusion coefficients as much as four 
times larger than those of Kovr nykh i- the cdlisionlzss regime. 

'A2plied Microwarc P!asmas. Inc Encinifas, Calif 

4 .23.  I ".$ JPrrosc.re-6~.laBiei;ng-ZPclvr~ Tukamnliik ' N e ~ l w ~ s t ~ . ~ l  MPQD' I~~s tab i l i t~  in the 
1 CollisionaWity ~tegisrne"~~ 

Shaing J. 0 Callen and K 

The momcnt equation approach ta neoclassical proecsses is used to ~ C P ~ V G  the per- 
flows, currcnts, and icsistive MHD-like equations for a tokamak plasma. The wcw 

features of the resultant "iieoclassical MHE," which requires a multiple-length scale 
analysis for the parallel e i g m  hnnction hut i s  valid in the banana-plateau collisiona'rity 
regime, sic: ( 1 )  a global Ohm's law, which includes a viscosity-driven (bootstrzp) currelit; 
(2)  rediiction of the carvatlire cffccts to their flux surface average; and ( 3 )  an iiicreased 
poiari7atioi-i drift cointiibution with the K2 replaccd by Bo '. An electrostatic eigenmode 

ecluation is dztermiincd from B . d -- 0. For th:: unstable eigcnmodcs thc viscous damping 
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(&) effects dominata; (by c--3'2) Over the corvatumre effects, but the growth rates llaf the 

n 2 1 3 s  "/3pV3(&fv,)2i3 . 
e5 still scale somewhat Bike resistive-g or ball 

Pellet injection can cause density and ~ ~ n ~ ~ ~ a ~ ~ ~ ~  profiles suc 

the region of pellet injecti 
destabilized in a tokamak. We prese 
files similar to those in Aleator-C. 
becomes locally inverted, Ilea ing to a negative qc = d ln TJd In 
q, becomes sufficiently large, modes can be excited down to very low mode number an 
correspondingly large radial mode structure extending beyond the range of the density 
inversion into the center of the tokamak. Profiles, frequencies, and ~ s o ~ t h  rates for these 
modes are given. 

ntimerical calculations of the in 

'Massachusetts Institute of Technology, Cambridge. 
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Tne cffwt of elxirun-ion Coulomb collisions on thz rmivcrsal mode i s  studied using a 
Fokker-Pianck collision o p e  ator in the kinelic equation for the election distribution 

fe(.x,vil,t). The expcctcd smoothing of the VII  structure of  is found, and thc charactcr of 
thc inode is little changed *hen vek - ut. It is also cs-;ifarmed that a collisionality on thc 

O i h  of thdi of priseent tokamaks i s  sufficknt to provide for dcstahilkalior~ of the r > ; d ;  

evcm in the ahseacc of nonlinear orbit stochastic diffusion. 

'Mzwachusetts Institute of Technology, Cambridge. 

4.2 4,3 T ~ C Q ~ J  cdh.a~6~?i0,% of F Z E ~ ~ C  Beta Drbrf W W J ~  T ~ b ~ f i . r e ~ ~ c ~ ~  

C. 0. Scadcy, Jr., W. I. van Rij, K. Molvig,* and .7. P. Frcidherg' 

Using numerical techniques, we calculate eigenrno of the conlinear universal mode 
vith finite beta ;ni d e i  to dctcimine the scaling of the saturation level of the instability 
with bcia. We zse two different renormalizations in thr ca!cdat'nns and find that, using 
thc zppiapriate sennrma:i~atio~'i,  WE are able to recover Alcator dcfisity scaling, as origi- 
nally fcund in analytk vork by Molvig and IIirshmam. Wc alao find that thc universal 
r-osde should be stable in ohiiiicdly heated tokamaks above a critical beta on the ordcr of 
0.02. 

'Massachusetts lnstidaatc of Technology, Cambridge. 

3. P. Fre.idbesg* a n 3  E). J. Sigrnar 

Recently, Concot et all. proposed a simple mode? to cxplain the degradatioo in ccn- 
finement time in auxiliary heated tokamaks. They suggested that confinement is described 
by International Tokamak Reactor (INTOR) scaling except in regions wtrere the ideal bal- 
!on+ng modc stability criterion is violated. In these regions the pressure gradient is limited 
to the ideal MIID threshold value. In the prcsent work, WE: extend their analysk to include 
finitc Larmor radius (FLRI cfkects on thc ballooning mode stahility houiidary. Our 
motivation is io ascertain whether the remarkably good agreement betweea their theory 
and thc e q i r i c a l  scaling laws and Impurity Study Bxpzrirnent (ISX-E33 beta saturation 
prevails when a moic rezlistic stability criterion is introdwed, FLK effects enter the scal- 
ing relations in a rather =omplica.tcd wey, as wd.1 as altering the regions of plasma wkaeic 
ballooning modes can occur. FLR-medificd confinement scaling resalts will bc presented. 

'Massxhusetts Irrsiitude of Technology, Cambridge 
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field with increasilig tempernturc. Above a critical temperature the cutoff disappears 
entirely. There is a broad range of tempcratures, 20 keV d T ,  6 503 kcV, for which the 

wave number k differs significantly from both the cold plasma value and the vacuum 

value. This has important implications for ray tracing in relativistic plasmas. Wave damp- 
ing rates are calculated and cornpaid to results from a prcrlorns formulation using the 
Poynting theorem, in which only the IIerinitian part of CT is calculated ielativistically - - 

4.3.2 Abstwct of “SS“,ssug Dn 
S ~ I  atified iB1asm~s~’* 

D. B. Batchelor, K. S. Ricdcl,* a d  M. W-,it~ner 

In mirrorlikc devices, where the magnetic giadiect is along the direction of the mag- 
rnetic field (parallel stratification), thc right circularly polarized component of E is not 
suppicssed, and very strong local damping of the extraordinary mode can occur. In stach 
circumstances, thc warm plasma dispersion relation predicts essentially total ahsorption of 
the wavc with no reflection. IIowever, becau9e of the strong damping and the rapid spatial 
variations of k as the rcsonance is approached, one would riot expect tile usual geometrical 
optics theories to be valid. Adapting a calculation done by Weitzner for ICKH, WE intro- 
duce two srnall parameters c 1  7 v t p P e / u c  and c2 = X/L  - c/wpL. and perform a boix 
ddry layer analysis h e  resonance region which is matched asymptotically to the 
gcornetrical optics solution. The integrodifferzntial equations obtained in the resonance 
layer are solved numerically. 

‘New York Ilniversity, New York. 

4.3.3 Abstract of “Fokkea-Phmck CaAaalstiotrs of Core Piasma IIcaPiiag hy ECRH 
in EBT”73 

G, L. Chcn, D. B. Batchelor, and Y. Matsuda* 

In the heating of the bulk plasma in EET dcviccs by fundaniental election cyclotion 
resonance heating (ECRH), we find the details of wave propagation, plasma heating, and 
transport of the dzpiasited wave enargy to be very tightly coupled. The Doppler shift 
couples the spatial structure of the wave elec;ric field profile to thc energy arid pitch-angle 
structurc of the distribution function. In turn, the radial drift and fieoclassical step size of 
energetic particles in EE3’1’ are very pitch-angle deper,dent, with the rcsult that !arge losscs 
occur in the population of particlcs which actually absorb the wave energy. A 2-D 
i okker-Planek code has heen used to invcstigate core plasma heating, inchding a bounce- 
averaged quasi-linear heating operator and (:oiilornb cclllisions. AR rf e!ect;ic field profile: 
is used which maintains consistency between thc microwave 
heating rate. We find that most of the rf power Is absorbed 
gctic trapped particles that are transitional between trapped 
poorly confined in EBT-S. 

power flux and the particle 
by passing particles or ener- 
an3 passing and tend to bc 

‘Lawrence Livernore National Laboratory, Livermore, Calif. 
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4.3.4 hbsteact of "Fa 

G. L. Chen, D. B. 

The SMOKES 

helor, and y. h/Idtsuda* 

Fokker-Planck code has been used to investigate core plasma heat- 
ing at the fundamental cyclotron resonance including a bounce-averaged, quasi-linear fun- 
damental EGH operator and Coulomb collisions. Heating depends very sensitively on 
details of the rf electric field profile. A profile is used which maintains consistency between 
the microwave power flux and the particle beating rate. Using th is  profile, we find that 
most of the rf power i s  absorbed by passing particles or energetic trapped particles that are 
transitional. between trapped and passing and tend to be poorly confine 
order to model the direct loss of these transitional particles QR o p e n  drift surfaces, we 
introduce a Ilosbp region in velocity space with particle lifetime ~ n ( c , p )  - time for particles 
to drift out. We lind that substantial power i s  lost directly. 'These processes show promise 
of explaining a number of experimental observalions, including the presence o! an ener- 
getic, anisotropic, locally produced electron tail. Because the transitional particles in an 
EBS device are rernoved in velocity space from the heating zone and because the lossy 
region associated with transitional particles is much narrower than in the bumpy torus, 
EGH in EBS should be much more efficient than in EBT-S. 

*Lawrence Livermore National Laboratory, Livermore, Calif. 

4.3.5 

R. C .  Goldfinger, D. B. Batchelor, and S. P. Hirshrnan 

Abstract of a ~ r o ~ ~ ~ ~ ~ i o n  and A ~ s o r ~ t i ~ ~  of Electr5n ~ y c ~ ~ ~ ~ ~ ~  

'I'he QRNL ray tracing code, AYS, has been adapted to trace rays in the electron 
cyclotron frequency range for the ATF stellarator device to be built at ORNL. For the 
naagnetic equilibrium model, a vacuum field is produced due to two filamentary helical 
windings and four V F  coils. The flus surfaces [which define ne(#>] are taken to be ellipti- 
cal in a plane of constant ct, (4 = toroidal angle) and t rotate about the minor axis with 
the helical windings. Work has begun modifying AYS to trace rays in a hybrid 
fii.tx Cartesian coordinate system. 'I'he Cartesian wave vector components ( K x >  Ky, K , )  are 
integrated the conventional way in a fixed Cartesian system. The ray position, however, is 
exptcssed and integrated in the flux coordinate system, a = ( p ,  8, $), The 
can Lhen make direct use of the moments method solutions of the 3-D MHD equilibrium 
equa";ons, which arc expressed in flux coordinates. This yields much simpler and more effi- 
cient sa; frrxcing, since it is no longer necessary to perform the inversion from flux coordi- 
nates to real space [i.e., to invert N ( X )  and obtain .X(u)]. 

- 

1 -  - -  

C. L. Hedrick and E. F. Jaeger 

The use of rf or microwave power to producr: heating (or current drive) in toroidal de- 
vices also in t rd~la~es  additional losses. Were we consider losses similar to neoclassical losses 
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except that we considca wave-induced scattering in addition to Coulomb scattering, In 
many iristances previcus neoclassical results for transport coefficients can be extended sim- 
ply by replacing the Couloili’o collision frequency by a total scattering frequency. Hswea;ci, 
in  many cases of pi actical interest, the suprathermal part of the distribution function 
(largely responsible fGi the losses) is disisitcd by the wave-induced losses as well as by the 
wave hcating. In these cases it bccomes necessary to solvc for the distribution function 
itself rather than its ninriaents [as is usually done in one-dimensional (1-D) transport]. FOP 
irntermediate scattering rates (p?a:e~ t i  and above) a reasonably simple procedure, very sirni- 
lar to standard neoclassical, can bt: followed. 

4.3.7 

E, F. Jaeger, C. L. Medi-ick, and P). B. Batehelor 

Abstract of aMicro%; ave-Induced Neodzssicd Transp~rt”’~ 

Microwave scattering in pitch angle is included in a simplified drift kinetic equation for 
electrons, assuming a Lorentr: collision operator foi pitch-anglc scattering and moderate to 
high collisionality v / Q  >, (r/RTb3j2 -- 0.03. A simple estimate of the effcct of microwave 
scattering on neoclassical transport in EB‘I gconietry i s  obtained by assuming the lowest- 
order distribution function to be Ma?rwe!lian and treating energy as a parameter, Strong 
absorption of the microwaves ncxc the Doppler-shifted resonarice !cads to relatively rapid 
pitch-angle scattering for high-encrgy particles ( 1 / 2 r n v 2  > kTj with large parallel velocity 
(vi1 /v > 0.5). Thls enhanced effective collisionality can increase i l iel-ld conductivity by 2s 

much as an order of magnitude, depending on the teinperature of the awirned Maxwellian. 

4.3.8 Abstract of “Full Waw Trcat311ent of Wave Propagaticn 6n a ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ $ ~ ~ ~ ~ l  
Cayity Containing Cs’rn PidSrn23778 

E. l-. Jaeger, J. H. Whealtcn,* I-I. Weitmer, and D. M. Hatchelor 

For many laboratoi y plasma$ in which low-frequency, long-wavclength rf fields are 
present, the geometrical optics assuniptioas are not valid, and a full-wax treatment of 
wave piopagation is desirable. Recently, finite difference techniques h a w  been applied to 
calculate electric field component.; a d  resonant freqiierncies in 3-1) cavities in a vacuum. 
This involves solving Maxwell’s equations with the constraint V . E - 0. Eowever, with 
the introduction of cold plasma in the cavity, the constraint V . E -= 0 is violatcd and the 
system of cquations becomes highly degenerate, causing thc vacuum technique to fail. We 
thzrefore reformulate the problem in 
Coulomb gauge V .  A = 0. This 
resonant frequencies for cavity nodes 

terms of the electromagnetic pctetitials A and 4 with 
allows calculation of field component shapes and 
ia the presence of cold plasma. 

‘Plasma Technology Section 
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rive (rampup, current maintenance, 
and transformer recharging) are examined for an ignitioa tokamak [e.g., the Toroidal 
Fusion Core Experiment (TF;CX>] using ai: expandin us vcrsian of the WHIST 
tokamak transport code, which includes a simplified lo brid current drive (LHJCD) 
model with assumed rf-driven current density profiles urpose of this study is to 
obtain information regarding the lower hyhrid (Mi) waye gcswer and ?q(r,t) spectrum 
requirements necessary to support a specified .Jrdr,t) as a function of the evolving plasma 
parameters ne(r,t), Tc(rJ s). etc., poluidal magnetic field B&r9 t), and programmed Irdr, f). 
Substantial variation in the wave Fr ency and q spectrum is anticipated from adiabatic 
conlpression effects as tile nlajor us is reduced in size to accomnnodate the minor 
radius expansion. 'rhe optimum rf-driven currcnt dcnsity profiles for transfornicr recharg- 
i ng  as well ah the required rechaiging time in the preszrice of flux diffusion are 
investigated. Finally, a ~ ~ n ~ p a r i s o n  of niodei results and Princeton Large Torus (PLT) 
current drive experimental data is presented. 

"Fusion Engineering Design Center. 

~ D. carter,* D. B. 

When electron partick orbits are trapped very near the second-harmonic c y c l ~ t r ~ n  
resonance, quasi-linear heating theory breaks own and nonlinear effects become important 
for particles with small vll/v. Numerical stlid s, as well as a rnultiplc time scale analysis, 
denioristrate that when the change in t e gyrofrequency due to the relativistic rnass shift, 
(y - 1)Q;20, is on t E order of i t , J ~  1, where / E  I is the rf electric fieid strength of a 
~ c r ~ e ~ ~ ~ c u ~ ~ r ~ ~  p r ~ i ~ a ~ a t ~ n ~  wave and 1 ~ 0  I is the strength of the static magnetic field, 
nonlinear energy growth begins to saturate. ''%'his effect is important evcn for low-energy 
electrons (--20 eV), resulting in periodic motion wit energy excursions on the order of 5 
to 10 times tmc2, where F = ~ I ~ l / a v t c w  = Q , J B ~ ~ L o ~  o 1  . ~n EWT, such excursions are on 
the order of 100 to 200 eV on time scales several thousand times the gyroperiod. Small- 
anglc Coulomb collisions and other phase-randomiz processes can cause net heating 
from this otherwise periodic nonlinear behavior. A nte Carlo code has been used to 
determine the dependence of heating on cullisionaliey and the possible effects on the elec- 
tron distribution function. For highly collisional regimes, collisions annihilate the energy 
excursion bekldvior, while in very collisionless regimes, the raridomizing process clnd the net 
heating efficiency are reduced. Analytic formulas are derived which dcscribe the large 
energy excursions and their repetition time scale in a mildly relativistic limit. Utilizing 
these characteristics of the noniinear energy excursions, estimates of the net heating rate 
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as a function of collisionality are made and compared with the Monte Carlo numerical 
results. 

‘University of Wisconsin, Madison. 

4.3.11 Abstract of “Absarptisn, Reflection, aavd Mode Coa ling st the Second cycso%Poarr 
RessFllllrlce iaa ;e Weakly ReBativis&*, I n  ~~~~~~~~~ PWBsma*~’ 

K .  Imre,* I I .  Weitzncr, and D. B. Batchelor 

The iclativistic linearised Vlasov equation is iescaled and solvcd in the boundary layer 
a t  the second electron cyclotron harmonic, where it is known that the geometrical optics 
approach breaks down for a perpendicularly stratified plasma with zero (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-odci differential eqiaa tion for E. This equation is numcrically integrated from the 
high-field side to the low-field side across the boundary layer. The asymptotic form of this 
equation, which carresponds to thc nonrelativistic case, is solved by quadratures and 
expressed analytically in the high- and low-field sides. These solutions are numerically 
matc!ied to the wlutions of the wcakly relativistic full-wave equation. The latter, which 
correspond to the ineoming and outgoing extraordinary waves and quasi-electrostatic 
waves, are recombined to give the solutions of three physical problems, namely, X-mode 
incidence from either side and ordinary-mode (C-mode) incidence from the low-field si&. 
In  the outer region, treated by the standard geometrical optics, the appropriate Poyntirig 
theore;rx i s  derived, which enables one 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 exprcssed 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 weakly relztivistic treatment yields the fractional absorbed 
energy due to the broadening. The results are presented in t e r m  of two parameters, 
namely X = ( W ~ / W ) ~  and q 2 t ,  wherc p = v,/c i s  the smallness parameter and e is the 
charactehtic scale length for the 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 conversion rate. 

*New York University, New York 

4.4 CONFINEMENT OPTIMIZATION AND IMPROVEMENT 

The confinement optimization and improvement effort integrates physics results from 
MHD equilibrium and stability, transport, and heating studies in order to devise ways of 
improving confinement in toroidal systems. Three main approaches are followed The first 
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approach, ~~~~~~~~a~~~~ of magnetic fie1 s to improve equilibrium and stability properties of 
the plasnaas, i s  primarily directcd to rd designing new stellarator configurations. The 
bmic tools used are vacuu~n~ magnetic field, orhit, and MHD codes. The optimization and 
the control of the ekctrostahic potential are pursued in order to improvc I r  
ties. I n  general, such control will depexrd on the plasma bcating mechanisni. 
consequcnt beneficial impact can overall p%asrna ~ o ~ ~ ~ i ~ e ~ ~ ~ ~ t ,  much emphasis i s  also given 
to improvement of particle and impurity control at the plasma cdge. 

The other two approaches are f o b v e  to irnyrovt: the perfotmancc of prcvia~rsly deter- 
mined ~ o ~ f i ~ u r a t i o ~ ~ s  such as ATF or E s. However, the goals are not Iim;ted solely to 
finding improved configu rations or regimes of improved c ~ ~ ~ ~ ~ e r ~ ~ ~ ~ ~  Ancither very impor- 
tant goal is to provide ways of e x p r i  entslly varying basic parameters that are thought to 
be crucial for plasma confinement so as to test a ~ p ~ ~ ~ a ~ ~ ~ ~ t ~  of the o~~~~~~~~~~~~ concepts. 

Attractive new stellarator configurations have been discovered, and old ones have been 
investigated in more detxl. An important i grovement was added to the Imic 4FF con- 
figuration when the flux-cnntr-idlcd torsatron concept was included in the ATF design. This 
idea pernaits practical m ’ r : ~ ~  t u  the second stability regme through the control of the rota- 
tional transform and magnetic well. 

With the flexible Inelia.; ~or icep t  we have transformed the bask Se!hc configrsraltiw~ 
into a practical and attractive experimental device. Studies of other heliac conSigurntions 
had shown breakup of the flux surfaces at very low values of beta. We renljzed that this 
breakup could be avgided by carefully controlling the shear and transform to avoid rational 

hi11 the plasma. Very low shear and a sufficiently irrational trailsforan value are 
introducing a helical hard core wrapped arournd the usual circular hard corn, 

enough configurational flexibility is obtained to: 

* keep very low shear, 
* 
* 
* 
* obtain deep magnetic wells. 

This concept is the basis for the design of the TJ-I1 device, to be built by the Junta de 
Energia Nuclear ( E N ) ,  Madrid, Spain. The design is being carried out as part of a 
c ~ ~ ~ a ~ o r a t i o ~  between ORNL and JEN. The coil configuration i s  illustrated in Fig. 4.6, 
and wine of the effects of the II = 1 hard-core winding are illustrated in Fig. 4.4.  

A low-aspect-ratio, P -= 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 pro rties. A modular version of this con- 
figuration that uses Symmotron-type coils was also developed, The resulting design re- 
tained the good transform properties of the continuous version. 

Hybrid configurations were explored, consisting primarily of Q = 1 and P = 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 II = 2 devices. Unfortunately, these 
hybrids seemed to combine the worst aspects of the two configurations, rather than the 
best. Similar studies were carried out for Q = 2 and Q --= 3 mixed configurations. 

provide an optimum value  OF t, 
introduce shear to cancel finite-beta effects, 
explore nonoptimum configurations to test theories, and 
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ORNL -DWG 84 3803.A FED 

Optimization of the transport propertics through the iadial electric ficld in the FBS 
design can theoretically improve the confinaxernt properties of EBT by an order of mag- 
nitude. This GhouId overcame some of  the basic limitations in the EBT-I/S cxperiments. 
This partkrrlar optimimion procedure is a sourcc of idcas for fui  ther iniprovennenis in 
tokamaks and stellarator devices. 

’The radial electric field has an important effect on the transport of impurities If the 
plasma is on the electron root of the field equation, it g a y  be possible to make the impuri- 
tics exit thc plasma. Startup scecarios that favor this choice of root have been studied. 
hlso, the deterioration of electroli confincmznt at the plasma centcr w~l l  change the elec- 
tric field. By lowering the magnetic axis transform in A I D ;  using the VF coils, sawtooth- 
type oscillations can be artificially stimulated. This is expected to help the control of 
impurities in ATF. 

Confinement outside the last closed flux surface i s  strongly related to configuration 
optimiiation. Particle and impurity control must be applied in this region. Stcllarators in 
general, and ATF in particular, may behave quite differently from tokamaks In collirast 
to other stellarators, A r b  has ergodic field lirie topology outside :he last closcd flux bur- 
face. This is beBie.~ed to be due to the fact that thc cdge lies on thc q - l surface. Thc 
helically trapped particles that were thought to be in the loss regim arc actually minrored 
by the helical field (HF) coils and return to the plasma. 
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Fig. 4.7. C Q ~ ~ ~ r i , ~ ~  of t and 6/' profiles for M = 4, /a, - 4 heliars with and witbout P - 1 hsrdcare 
w ~ ~ d ~ a ~ .  For this example, Ro - 1 rn, rssw/u, = 0.7, uc/ahc = 6, and ARI& ii= 0.0125. 

Finally, major advances have been made in conjunction with the construction of the 
ATY; coils. These make stellarators more attractive reactor candidates. Techniques haw 
been 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 QT er of magnitude. In addition, application of the same techniques 
to five-axis milling machines reduces setup limes dramatically, because parts can be 

in their own coordinate systems, rather than that of thc machine. 
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4 - 4 1  AaEstra~f of "'The Flexible 

W A. Carrcras, J. L. Cantrell, L. Garcia, J. E. Harris, T. C. Wemder, and V. E. Lynch 

The addition of a n  !2 - 1 helical winding to the he l ix  central conductor adds a signif:- 
cant dcgrce of flexibility to the configuration by making it possible to control the rota- 
tional transform and shear. These effects are ~ o n ~ i ~ t e n t  with ieSultS for he!ically synmctric 
fields, but additional helical harmonics produced by toroidal coupling may also be impsr- 
tant. Such coritrol is essential for an exper'naent because the giesence of low-m resoimnt 
surfaces in or near the plasma can cause breakup of the equilibrium magnetic surfaces. 
Thc me sf an additional helical winding also permits reduction of the total central conduc- 
tor current and deepens the magnetic well at  low aspect ratio. 

'Io further improve the equilibrium bcta limits for low-aspcct-ratio configurations, it is 
necessary i o  reduce the toroidal magnetic axis shift. Several ways to achieve this goal have 
been examined, including ( 1 )  an increase in the aspect ratio, (2) an increase in the number 
of field periods, ( 3 )  a reduction of thc variation of J dQ/S  by a helical tilt of the coils, and 
(4) toroidal modulation of thc coil currcc;s. The eesdts indicatc that an iricrease in aspect 
ratio and number of field periods is the most effective x e m s  of improvement. 

4.4.2 

B. A. Carrera ,  11. R. Hicks, J A. Holmes, and V. E. Lynch 

Abstract of "App oxirnatc Flux Conserjiwg S $ e i ! a r a t o ~ ~ ~ ~  

A steady-state stellzsator equilibrium is usually assumed to have 7cro current inside 
each flux surface, In this limit, the rotational transform grofilc changes strongly with 
incrcasing beta. The transform at tbc: magnetic axis iiicrcasss with beta, while the trans- 
form at the edge decreases. This results in double-valued profiles cven for moderate bcta 
values ( p  3 3%). Such profiles can be unstable. Therefore, it is desirable to control the 
transform profile in going to a high-bet3 regime. This can be achieved by conveniently 
shaping the poloidal 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 ATF de- 
vice, such equilibrium seq~nences can be obtained using the present VF coil system to shape 
the poloidal magnetic field. This mode of operation offers a better way of acccssing the 
second stability regime. 

H. R.  Hicks, B. A. Carreras, and J. A. IIolrnes 

Equilibrium and Mercier stability properties of various ATF- I plasma configuratioins 
are analyzed using the 3-L), fixed boundary code BETA. The boundary shape i s  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-I. 
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4.4.4 Abstract of “Q= 1/R-2 Torsatron HybridsBgs 

J .  A. Rome 

Q= 1 continuous helical torsatrons have large flu surfaces and significant rotational 
transforms but usually have a magnetic hill. 9 x 2  continuous helical torsatrons have kiss 
transform and smaller surfaces but have a magnetic well. 11== 1/R-2 hybrids were created 
in two ways: (1) one of the two coils in an !?-2 torsatron was moved toroi 
configuration continuously approached an !?= 1 torsatron (when the coils coincided); (2) 
the winding law was modulated so that the two coils overlapped on either the inside or the 
outside ( Q = t )  and were apart on the other (11-2) side. Cross-sectional shaping of the 
torus was tried. Unfortunately, these designs seem to combine the worst features of the 
Q- 1 and R=2 devices, rather than the best. 

4.5 PLASMA MODELING, BURN ANALYSIS, IMPURITIES, AND PF,Z,I. 

Fluid transport simulation codes represent the widest range of contact between plasma 
theory and experimentally measured quantities. Because of this broad 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 modeling effort is therefore 
aimed at developing a comprehensive set of simulation models for application to both exist- 
ing and planned toroidal devkes. Heavy emphasis is placed on d e v e l o p r ~ ~ n ~  of generalized 
models that can be applied to either axisymmetric or nonaxisymmetric 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 modeling i s  
required. 

A set of efficient subroutines has been developed for using the solutions of 2-D and 3 - 0  
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 needed in the ion cyclotron 
resonant frequency (ICRF) ray tracing codes by Hwang, used at Princeton Plasma Physics 
Laboratory (PPPL) for TFCX studies, and by B r a ~ b ~ ~ ~ ~ ,  used for studies of the Joint 
European Torus (JET), and in the ECH ray tracing code by Batchelor, used at QRNL for 
ISX-B studies; they are being considered for use in a fully 3-D, lCRF/EGH ray tracing 
code having general application in reactor studies. 

A library of modular computer codes and subroutines is being developed with intercom- 
patibility of physics units and input/output for transport analysis of toroidal plasmas, The 
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individual codes and subroutines can be used as stand-alone modules for model develop- 
ment and benchmaiking or integrated into a complete transport code. Connpiehcnsive diag- 
nostics and error analyses are iiicludcd, as are options for quality of graphics. Among tkc 
computer codes incorporated into the library are PELLET' (pellet ablation physics), 
VMOMS (2-in axisyrnmetric MHD cquilibrium), BOX-2D (geometry subroutines fm arki- 
trary chords in an axisyrnmetric plasma), and a set of graphics suhroutines, The chord- 
mapping subroutines have been incorporated into an analysis code that unfolds brennsstrah- 
lung emission data from the Doublet I11 (DIII) pellet injection exprimeats to yield time- 
dependent density profiles for particle confinement studies. The suhroutines have also been 
couplcd into the JET transport code for comparison of calculated aird measured chordal 
density and radiation signals. 

Parametric studies of deuterium-tritium (D-T) ignition devices have been madc using 
the WHIST code. For the TFCX device, ICRF heating, current drive scefiarios, and igni- 
tion margins with various confinement models have been studied. Similar ignition margin 
studies are being performed for compact ( a  -c O S - r n ) ,  high-field tokamak plasmas that 
may be candidates for international collaboration. Feasibility studies of high-Q or igriited 
steady-state stellarator/torsatron systems with 300 500 MW of fusion power indicate that 
such systems show promise of being attractive reactors. Maintenance of an electrostatic 
potential of e$/k?. = 2-4 appears to be a critical issue, 

The previous collisional regime theory for plasma rotation and inipurity transport in a 
tokamak plasma with strong, directed, neutral beam heating and strong rotation 
(v4 - vth) was extended to the plateau regime. As in the collisional regime theory, an 
anomalous cross-field transport of toroidal momentum, such as is observed experimentally, 
is incorporated into the theory. The predicted impurity t ranspst  exhibits features in agree- 
ment with observations in ISX-B 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 particle 
flux term directly proportional to the radial electric field. Beam heating, or other heating 
that introduces directed momentum into the plasma and impurities, modifies the electric 
field and thus the particle transport. It is expectcd that these rcsults carry over into the 
plateau regime. 

The treatment of the collisional regime theory in the IMPFAR code was upgraded, and 
further time-dependent simulations of the evolution of impurity profiles during directcd 
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 use in the 
analysis of the ISX-B pump limiter experiment. 

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 uwd to model pellet injection into 
ohmic plasmas. 'The effect of cloud ionization in stopping electroris was shown to be 
minimal; for ions, the net reduction in ablation was substantial. To help explain 
anomalously large ablation in the scrapeoff regicn of beamheated Poloidal Divertor 
Experiment (PDX) and ISX-B plasmas, model variations that included enhanced fast-ion 
ablation from a combination of large orbits and redimced cloud shielding were developed. 
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The tipgraded ablation physics models were applied to pellet injection studies for the 
Tokamak Fusion Test Reactox (TFTR j 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. ellet needs for both machines have been predicted in collaboration 
with the responsible local groups. 

4.5. straet of %terseciions of a Trajectory with Tokamak or SteDamtor Flux 
facesy9M 

S. E. htkenbergea and W. A. 

any experimental and theoretical applications require finding the intersections of a 
m y  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 

inates (as from any moments method of solving for MHD equilibria). Both iterative 
and noniterative methods have been examined for accuracy, speed, and flexibility in solving 
the intersection problem. Application is made to fully 3-D plasmas. 

stxaci of‘ “Emcieaat ~ a p ~ ~ ~ ~  Algorithms Between Flux Coordinates and 
eal-Space Coordinates for Toroi 

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

‘I’he 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 1-1 heating applications in finite-beta, axisymrnetric 
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 nonaxisyrnmetric 
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, 8 is a pdoidal coordinate, R is measured from the major 
axis, and Z is measured from the midplane. The functions R,(p)  and Zn(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 , O ~ )  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, depcnding on the initial guess for (p,Ol. On the Cray-1 this requires about 
7 x io+ s, typically. 

Once the flux surfact: coordinates are known, n ( p ) ,  Z ( p ) ,  and B(p,Oj and its Cartesian 
components are easily found. Thsrc are two possiblc piocedllres for finding the gradients of 
these quantities: (1  j a simpk finite difference or (2)  application of the chain rule to 
exprcss the gradient in terms of thc derivatives with respect to p and 8. Both methods 
require compa rable execution time for coniputing the field gradients. 

A separatc but related problenx is to find all intersections of a chord with an arbitrary 
set of flux SUi€aCes -for cxample, those surfaces on which the plasma density and 
temperature are compited by a transport code. A ray thioilah the plasma may be treated 
as a seqireiice of these 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 and 
0 .  Tracking the chord then becomes a simple nonitera:ive prsccdiare. In the present code 
the entire chord i s  assumed to lis: in a t#~ = const plane. The extension to three dimensions 
will be the suhjzct of future development. 

E. C. Crumc, Jr. 

Experiments on beam-heated ISX-B plasma< indicatc that co-injection reduces the 
accumulation of impurities in comparison with ohmically heated plasmas Stacey and Sig- 
mar have recently includcd the strong toroidal rotation induced by directed neutral beam 
heating in a self-consistent tlicary for particle flows within the flux s ~ ~ f a c e s ,  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 platcata regime while 
the impurities remain in the collisional iegime. We have implemented the collisional 
regime theory in our basic impurity transport sirnulation code IMPTAR and prcsmt. simu- 
lation results for c0-injected plasmas. These results differ qualitatively from our previous 
results irr which rotatior! effects and all other momentum exchange effects were treated 
separately. That is, for a nisdcl plasma with ion densities and temperatures comparable to 
those in ISX-B;, ( 1  j sinidatinns with the new theory show that co-injection can drive 
impurities out, in agreement with experimcnt, whereas (2) simulations with the rotation 
effect theory alone show that co-injection can drive impurities in, in contrast to experi- 
ment. Some attempt was made to account for the low collisionality of the plasma ions in 
these simulations, but the mixed regime theory must be implemented to adequately rcprc- 
sent the actual plasma conditions. 

Neu$rrwh-Beawa-D 
Transpm-P 

E. C. Crurnc, Ji. 

The theory of the calculation of the electrostatic poteritial in tokamaks is reviewed, 
especially the rccent analyses by Stacey and Sigmar, which take anomalous cross-field 
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mornenturn transport into account. In neaitraa-bs;am-heated tokamaks, impurity ions may 
reach sonic speeds and, as a consequence, develop Ioidal density ~~~~r~~~~~~~ can the 
order of the inverse aspect ratio B-, rather than on1 n the dsrdea cpf the ratio d of the 

are subsonic. These poliaidal. density variati the cross-field particle fluxes 

plasma current. Numerical sirnulabions are presented ta illustrate the evolution of the elec- 
trostatic potential and impurity transport for plasma c o ~ d ~ t ~ ~ ~ $  ~ e ~ r ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~  of ISX-W. 

pcPload2ll gjTQradaUS to the CharactGriStk , as OCCIIGS when their speeds 

in several ways, so11ob: of which ~~~~~ on injection wi th  res 

4-55 Abstract of ~~~~~~~ Effects 

J. T. Hogan 

earn-iamduced currents should 896: p uced in beam-heated ste1Baratcss-s with urnidirec- 
tional or imperfectly balanced neutral beam injection. 
magnitudes of the effects for “euarenlless” conditions in the 
and the Bieliotron-E. 

for Wendelstein VIIA sical. transform evolu- 

tion, and Monte Carlo beam E are Cmlsisk~nt with 
calculations using a ~ ~ ~ ~ ~ ~ e ~ - ~ a ~ a ~ ~ e ~ e r  model. Significant c a ~ ~ r ~ ~ ~ t ~ ~ n s  to local t r ~ ~ i ~ ~ ~ ~ ~ ~  
are  found in both cases. Larger beam pulse lengths will enhance the effect? since I1igh-2’’~ 
shielding effects are active on presenl lime scales. 

0 OKI each flux surface) requires spxial pressure 
hese profiles are not n ~ c ~ ~ § ~ ~ ~ ~ ~  mnsistent withl dif- 

fusion constraints. We have studied the generation of currents (in ~n~~~~~~~ current- free stel- 
larators) which arise from: 

S. 

e 

finite pressure due to external heating; 
the classical “bootstrap” effect, related to t ~ r o i  
direct external current sources (e.g., EAT-1 or neu 

We have thus exten ed the analytic results of Pustovitov. 

used for these studies, with the following 

* The one-fluid transport rn el incorporates ripple thermal ~ ~ ~ f u ~ ~ ~ i ~ ~ .  

The New York university (NYU)  3- transport-equi8ibrluappg code (3DETC) has been 

Model profiles have b 
recycling/radiation loss (increasing toward the edge). 
An external current source has been add 

ad~pted for external heating ~~~~~~~~~y ~~~~~~~ and for 

@ 

While the transport model is relatively simple (one-flui model profiles), i t  fulfi&s the 
requirements of the “‘method of given pressure” proposed y Shafranov and ~ ~ - ~ ~ ~ ~ ~ r ~ ,  in 
which the evolution of rotational transform is studi with rndsdel ~s~~~~~~~~~~~ abolat the 
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coevdviirg particle and CHRCI gy balance. In addition, it provides a self-consistent 3-19 
geometry. The transform evolution equation is 

whcre A is a classical version of thc bootstrap current, x is toroidal flux, and Js is the 
external curreat source. 

Wc find that significant evolution of the rotational transform occurs on the skin time, 
stimulated by each of the mechanisms mentioned abovc. Configurations based CII :he hTF 
torsatroil have hecn specifically chosen for study. 

'New York University, New York. 

W. M. Stacey, Jr., A. W. Balky,* and I), J. Siginar 

We have extendcd our previous collisional aegirm theory for rotation and impurity 
transport in a tokamak plasma with neiitsal beam injection and strong rotation (v4 -- vth) 
to the plateau regime, which accomrnodates the importaant case of the amin ion species 
being nearly collisionless a i d  the impurity species b&ig collisional --the milied regime. 
1Ris ex:ension required a kinetic thcory mlution for the urnaveraged as well as for the 
avcraged parallel viscous forcc Bo V .  R with large rotation velocities wid the inewpoiation 
of this viscous force into the fluid formalism. We allow for anomalous radial, viscous 

self-conasistent formalism for czriculatiag taiipidd and pdoidal rotatioar velocities, the radial 
particlc flaxes, the radial electric f~eld- and the poloidal variatior, of the impurity density 
over the flux surface 

Thc theory has heen applied to interpret impurity injection experinicnts in ISX-IB and 
PLT. We find a good canelation bzttveen the predicted impurity f l a ~ s  and the experimen- 
tal observation of enhanccd inward impurity fluxes with counter-injcction and icdtlced 
inward or, for sufficiently large injected power, revcrsed (outward) impurity fluxes with 
co-injection. 

trarrsfcr of toroidal momentdm, as indicntcd by expcrimcntal data. 1 hc theory provi.' LRes 3 

I _ _ _  

'Gecrgia Institute of Technology, Atlanta 

4.5.8 Ahstrarb of Ro$afim awd Impwity  Tmsglqmr~ ~ F J  rokamik x d h  D i ~ m t e d  
NP@traB &#rn Znjec:ioa9~ 

'A'. M. Stacey, Jr., and D. J. Sigmar 

We have extended our previous collisional regime theory for rotation and impurity 
transport in a tokamak plasma with strong, directed ~iei~tral  beam injection and strong 
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anomalous energy relaxation. S x h  effects influence the nttainablc bum parameters in the 
n7 (1,awson) diagrain. It V J Z ~  shown that D, 2 IO5 cm2/s will prevent ignition in a device 
of INTOR dimensions. 

1 he effects of the alpha pdrticles that are crcated when tritium pellets are injected into 
neutral-beam-heated deuterium plasmas in TFTR were also studied using combined 
Fokker-Planck arid transport modeling. 

A gyrokinetic dewription of hot species effects on high-n ballooning modes has been 
devcloped. It is valid for inode frequencies of tine same order as the hot spec,ies drift fie- 
queilcy and has been applied in the deeply trappcd limit to alpha populations in tokamaks. 
Detailed nui-nerical solutions havc bem carried out for TFTR parame:ers near breakeven. 
The results indicate that if the alphas are sufficieoily well confined to form a slowing- 
down distribution of mean energy within 100 times the background temperature, then 
resonant interaction with the alpha precessional drift occim, degrading ballooning stability 
boundaries and closing off access to the sccond stability regime. 

Since the alpha velocity at 3.5 MeV approaches the electron thermal velocity, coherent 
'l'homsan scattering by the Debye shielding cloud surror nding the alphas becomes mcasur- 
able. Using numerical techv iques, calculations were started of the scattering function 
S ( K , O )  for light scattering from alpha paiticles, including the effect of the magnetic field 
and the sensitivity of the scattered signal on the orkntation with respect to B. The 
approach continues to look promising for application to fusing plasmas. 

L). A. Spong, D. J. Sigmar, K. T. Tsang,* W. A. Ccoger, and D. E. Hastings 

Using the gyrokinetic formalism of Catto et a!., we solvc the coupled integrcdifferential 
equations of the kinetic ballooning mode pnobieri? in a tokamak reactor plasma, including 
the frequency regirnc of the toroidal precession drift resonance. Two types of approxima- 
tions haw been considered to simplify these equations. First, m ~ d e l  hot species dkteibution 
functions which result in tractable velocity space integrals have been used, leading to a 
single integrodifferential equation along a field line. Sccond, approximations which reduce 
the configuraticn spacc dependence of the hot spccies, but still retain the resonant naturc 
of the velocity integrals, can be shown to lead to a singlc, inhomogeneous, ODE cigenrnodc 
equation. Both analytic and numeiical solution techniques will be employed in solving 
these equations for the case of a slowing-down alpha distribution in a tokamak reactor. 

'Science Applications International Corp., Boulder, Colo. 



4.6.2 Abstract of "Effects of a- 
PlasmaH% 

L. Vahala,* G.  Vahala,* and ID. J. Sigmar 

Since it is crucial to understand the spatial, velocity space, and temporal effects of 
alpha particles on the bulk plasma, we investigate the possibility of using 602 laser scat- 
tering from a fusion plasma to determine the alpha particle distribution function. The scdt- 
tered power is dependent on the scattering function Sfi,w. S is dominated by the fluctuating 
electron density which, for coherent scattering, is calculated by the ker test particle 
picture. The kinetic shear Alfvkn wave is destabilized by the alpha Ics. A rzs~nance 
in the associated dispersion relation will lead to a large contribution scattered signal, 
increasing significantly the intrinsically small signal-to-noise rati investigate the 
scattering cross section and the parameter regimes in which the alpha par tick contri~~ution 
to the AlfvCn fluctuation is detectable. 

'College of William and Mary, Williamsburg, Va 

Preparations for ATF data interpretation and modeling have begun. Three levels of 
sophistication will be employed. At the most basic level, measurements of plasma tempera- 
ture, density, and magnetic fields will e used to provide simple estimates of gross energy 
confinement time and plasma beta. This level of interpretation requires an equilibrium 
model for the plasma shape and position, so that point or line measurements may be con- 
verted tu volume-integrated quantities. To this end, the 3-D inverse equilibrium solver has 
been refined and improved to the p i n t  that it is now a reliable c o ~ p u ~ a t ~ Q n a 1  tool. An 
efficient linear ray tracing and integrating subroutine has been developed to be used with it 
for calculating signals from diagnostics that make chordal measureme ts, such as the line- 
averaged density interferomcter and soft x-ray detector arrays. A stu y has been done to 
determine the accuracy of measurement of the equilibrium using line-of-sight diagnostic; 
(seach as a laser) as a function of the orientation of the viewing c ad. A h ,  a preliminary 
study has been made of the accuracy of determining the magnetic beta and plasma 
cuirciiks f r ~ m  external magnetic loop signals as a function of loop placement. At the next 
BeveB of ~ n t ~ r ~ r ~ t ~ t ~ o n ,  radial flows of heat, particles, current density, and toroidal momen- 
tum will be studied. At the most sophisticated level of interpretat n, theoretical models for 
plasn~a transport will be used to attempt prediction of measur plasma parameters. At 

the effect of a radial potential on plasma confinement and net toroidal currents 
driven by neutral beam heating may be studied. 

I n  the past year, work on tokamak experiment interpretation has been carried out in 
collaboratim with the ISX-B experimental group and in association with the t e a m  work- 
ing with DIIl [GA Technologies, Inc. (GA) and. Japan Atomic Energy Research Institute 
(JAERI)], the Poloidal Beam Experiment (PBX), and TFTR. The 7.-mode confinerncnt 
improvement on E X - B  with profile modifications has been shown to be consistent with 
predictions of the Carreras-Diamond resistive ballooning theory when dianaagnetic drift 
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stabilization effects are included I n  addition, Monte Carlo modejing of thc drpth of nem 
penetration in ISX-H Z-mcde discharges has showii :hat thc density profile rrrndificatioiis 
of the magnitude required for diamagnetic drift stahilbation are coiisktefit with the prob- 
able density aiid mcan energy of limiter-icflected nem. It has a h  Secn found that crnss- 
field pal tick diffusivities in thc scrapeoff region correlate with measured cJgc density, 
temperature, m 4  potential fluctuation levels in ISX-R 

']he pellet ablation modcls d i x u s c d  In Sect. 4.5 Mitre used to iritc,pre: data frojii 
1%-B, DIII, and PHX. Althoug11 the magnitude of the appanerit p d k t  mass loss i n  thc 
scrapeoff regions of ISX-7s a d  VHX could be cnplaincd using the qualiiaiivc cdgc zodel, 
there was not eiaorigh experimental inforrnaiion on fast-ion popiht ions in thc zdge repioii 
to yield detailed confirmatiorl of the model. The models for pellet abicltiorl duriiig iatcilse 
beam heating were used in n detailed ailalysis of DIII rcsialtq fc; >c 
4.5 MW. This analyqis showed the importance of the fast-ion 111 determinifig the 
depth of penetration, and the d-mmzd depth ha< been bracketed. Eahanced 
scrapeoff region was not observed, which is in agreeirimt with the qualitative 

The 2-L) version of the Oak Midge Moments hpilibriuin Code (OR 
integrated with the PPPL TRANSP aiialysis code in a joint ORNL/PPPJ project. The 
coupled codes haw been used to inorlel FFTR comprcssion expcrimenis and to ailaly7e 
PBX data. OKMEC is particularly we]! suited to treating the many iiloii1cnt amplitudes 
required to describe the complex bean-shaped PBX plasma 

The Staccy-Sigmar theory for impurity transport in plasmas with ii~terrx kcam heating 
(see Sect. 4.5) has bcen used in simulations of ISX-B aiid PLT plasma e ~ p i i t ~ , ~ %  to see 
whethcr the diffirences in observed impurity behavior between co a:id counte 
are explained by it. When observed ISX-B toroidal rotation velocities are u 
time-dependent IMPT,4R simulations, qualitative agreemcfit is foutld for a reasonable 
choicc of the empirical anomalous cross-field ixsTiic;ltum diffusion csefficl :EOWCVCT, 

for conclusive compaiisons using IM?I['AM, a more complete description of t'lrai R nomalous 
diffusion is needed. The Georgia Tech group headed by Stacey, on the other hand, finds 
morc conclusive agreemerit with ISX-B a i d  PLT data from their simulations. 

Considerable progiew in understanding the various aspccts of EB7 opziatiofi was made 
in the past year. The insights gained from heating calculations, which spaiiiied this and thc 
previous year. were supplemented with a 2-D, multiple-fluid theory based oil insights 
gained from experiment. This theory has been carried to the point thst the asynirnctiy in 
the electrostatic potcntial can be calculatcd analytically. I Re ailalytic formulas a i r  ii-i iea- 
sonablc agreement with expcrimmtal observations from EBT-I/S and pi-cdict a reduction 
of several orders of magnitude in the asymmetry for EBS. F u r t h a  Monte CaiIn ralcula- 
tionis have substantiated the p e v i o u ~  preliminary cstirnate of a degradation of one to tws 
orders of magnitude in the lifetiins: d,ie to the asymmetry in thc elw,iiostatic potential in 
EBT. The 2-D, multiple-fluid theory, which combines elentienis of eq:dibriuni. ti alisport, 
and heating, is of genera? interest for other magnetic configuratioiis, cspecially in high- 
temperature, low-collisionality regimes of operation. 
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H (3. C ~ U ~ X G ,  Jr., and D. I% Arntitius 
- ksper i lnds  Oil beam-healed BSX- and PLT plasmas indicate that counter-injection 

!caxls to enhrtnccd accumtilation of iipr d i e s  and co-injection leads to reduced accumuia- 

included e l x  Cf 

!io$: Jf iIYpLr&'CS, relative t(-9 OhlIliCally heated glasmdb. Stacejl and SigIlllar hdW reC6BlllJ' 
of the strong toroidal rotation indu ri by directed neutral beam heat- 

ing ill  kp s r l f  kmkislcnt theory for particle flows within flux surfaces, the radial electric 
fieW, a r d  t h G  ra i d  particle transport in a tokainsk plasma with direi:ted neutral beam 
an Icctioal BaC3;tb in he coliisimal regime and in a mixed regime in whish the main plasma 
i c m ,  ace in the platcacr regime while the impurities remain in the collisional regime. 

Fimanldiicm code, l A 4 M ,  and present here simu1;ltion results for both co-injected and 
C~,b ln t eF .  injea;&ed plasmas. T ese results are qualitatively s k d a r  to results reported previ- 
il&1s!y fcx Slralcrlatsons in w ich the sotation effcets and all other momentum exchange 
eflrcts u~crc ireated \eparately. That is, for plasmas with ion density and temperature gra- 
dienth compacabk to those observed in ISX-B. ( 1)  cnhanced impurity accumulation is 
ohserved in simulations it€ counter-injected plasmas and (2) impurities are initially driven 
IJW of the plasrna during co-injection, but after large rotation speeds are reached, there is 
a tendcncy for the impurities to be driven back into the plasma, Although attempt 
war; made tn account for the low collisionaiity of the plasma ions in these simulations, 
~~~~~~~~~~~~~3~~~~ of the mixed regime thcory is required to adequately represent the actual 

ented thc collisional regame theory in our basic impurity transport 

plasaa conllatuons. 
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4.3.1.3 

H. C. Howe, D. Schuresko,: and W. A. Houlbcrg 

’ L h n ~ m ~ l ~ ~ ~  Pellet AbIaEtk?.~jn in ISX-PI Dischargesw99 

Relatively large hydrogen pellets (radius 7 0.8 mim) have been injected into beann- 
heated ISX-B discharges (Pin, - 1.7 MW). The observed plasma density increase due to 
the pellet ( A r c  = 5 X was appioxiniately 50% of the increase (hZe = 

predicted by the Milora-Foster pellet ablation model, including fast-ion ablation. Thc 
observed and predicted penetration depths agreed. To obtain agreement between the 
observed m d  predicted Me while: retaining the penetration depth agreement, it is neces- 

sary to assume that ( 1 )  only 50% of the pellet mass is deposited in the plasma and (2) fast 
ions do not ablate the pellet in  the main plasma. The corresponding hypotheses for these 
two effects are ( 1 ) anoindlously 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 ionieed fraction of the pellet-cloud dcnsity. 

of the fast ions 

PI a~ i i l a  ‘i’echnology Section, 

47.1.4 “‘Toroidal Flow Analysis of ISX-B Density an Temperature Pr(Pfiile3”’l08 

K. M. Wicland,* E ‘4. Lazarus,f M. Murakami,’J. D. €3~11,~  W. A. Cooper, 
S. P. Hirshman, and G H. Neilson** 

Near-tangential injection of up to 2 M W  of neutral heam power into ISX-B plasmas 
results in toroidal flows measured spectroscopically to be -- 1 O7 cm/s. Using simple force 
balance arguments in a shape analysis of some Thornson scattering temperature (re) and 
density (ne)  profiles, we attribute the relative asymmetry of ne with respect to the flux sur- 
face defined by re to centrifugal effects alone and extract an “effective” flow velocity pro- 
file for the bulk plasma. Thc LORNOC confinement analysis code has been modified to 
explicitly include this flow in the MHD pait of its operation, and the resulting calculations 
for the plasma shift, diamagnetism, and Shafsanov A show good agreement with those 
same parameters determined from magnetic measurements. 

....... .-.- -~ _____ 
‘Formerly with Computing and relccornmunications Division, Martin Marietta Energy Systems, Inc. 

‘Toroidal Confinement Physics Section. 
$Computing and Teleconirnunications Division, Martin Marietta Energy Systems, Inc. 

Prcsent address: Princeton Plasma Physics Laboratory, Princeton, N.J. 

*. . 
Confinement Piojects Section. 
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K. E. Yokoyama,* 11. 
c. M. Ma,? M. 

binson,+ R. C .  ~[sier,$ E A. Lazarus,$ 
and A. J. ~ o ~ ~ t ~ ~ t  

Partick confine eaked dnd beam-heated tokanaaks is studied. 
Global confinement is measured from known sources atid densities. Recychng i s  monitored 
using E), detectors around the machine. Langmuir probes are used in the s c r a p d f  layer to 
obtain density and temperature gradients both acrms and along the field Fries, from which 
the perpendicular diffusion coefficient and pxrticle confinement time? arf: estimated, 
Results show increased edge diffusion EoSPowiaig beam injection in t e co-irajected direction. 
If balanced injection or counter-irajection i s  used, the diffusion coefficient i s  decreased. 
Outward radial displacements of the plasma column also decrease the diffusion coefficient. 
The different scrapeoff layer parameters produced are compared with the predictions of a 
1-P) transport code in which simple loss terms are included with various boundary condi- 
tions to simulate parallcl flow to limiters. 

’Formerly with Toroidal Confinement Physics Section. Present address: TRW, Tnc., Redondo Eleach, Calif. 
Vhysics Division. 
fToroidal Confincmerrt Physics Section 
** 

Confinement Projects Section. 

4.7.1.6 

A. W. Bailey,* W. M. Stacey, Jr.,  and D. J. ~ i g m a r  
The Stacey-Sigmar formalism, extended to include time-diepen n t  effects, i s  insd to 

model experimentally observed impurity transport in PLT and ISX Comparison is made 
with the PLT impurity fluxes determined by Earnes from chordal radiation rneasureiments. 
Experimental observations by Suckewer et al. are also niodeled. The line radiation 
observed in ISX-IR as a function of time from specific impurity lines i s  compared with the 
predicted line radiation. 

“Neutral Beam Driven ~~~~~~~y Flow Reversal in PLT and ISX- 

‘Georgia Institute of Technology, Atlanta. 

4.7.1.7 

D. C. R&in~on,* N. R .  Ainsworth,* M. W. Alcoek,* U. Atkinson,* P. M. Collins,* 
A. TU’. Dellis,* T. Edlington,* A. Ferreira,+ Q. 
A.  W. Morris, 
S. Takamura,+? and T. N. Todd’ 

“Limiting 8 ~ n v e s t ~ g ~ ~ ~ ~ n s  at LOW ~ ~ ~ ~ i s ~ o n a ~ i ~ y ~ l ~ ~  

T. C .  Mender, Z. Ma,$ 
M. O’Brien,* R. Parham,’ A. C .  Rivihre,* I). F. 1-1. Start,* 

** 

Electron cyclotron heating has been employed at high power densities on TOSCA (R/a 
3 3.5, R = 0.3 m) and CLEO (R/u =-I 7, K = 0.9 rn) 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 



4-66 

28 GHL and 60 GHz and with po levels of up to 200 kW. Ihiring thr, heating oii both 
devices, the ratio of absorbed rf power to o h i i c  healirlg power can be 310, the electron 
temperature above 3 kev,  an9 ths  collisionality such that v: d 0.01. As the power is 
increased, bcta saturatcs, indicating a decreasc iii confincment which is acccqxinied by ail 
increasc in the magnetic fluctuation level Awxage bcta values of 0.2% been achieved 
in an Q = 3 helical configuration iii CLEG. Profik modification expeiimcnts show the 
supprcssion or enhancement of sawtooth activity and produce m - 2 activity which may 
lead to a disruption. 

~- 

'UKAEA, Culharn Laboratory, Abingdon, Oxfordshirc, England. 
'Cornissk Nacional de Energie Nuclear, Brazil. 
*People's Republic of China. 

Balliol College. Oxford University. 
"Nagoya University, Nagoya, Japan. 

.. 

D. B. Batchelor 

A much more satisfactory understanding of the core p l a c i - ~  j i i  EH'I-S has becn 
obtained from recent inpiovements iii diagnostics (Thornson scatisring and heavy-ion 
poterltial probe. as well as interfeioriietiy and soft X-rays at the: miiior throat) and from 
theoretical insights into the unique features of CCH in mirror gcometry. rhc  experiments 
indicate the presence of a cold, isotroqic bulk coriipomient which i s  collisionally heated by 
an eaergetic (--Q.5-kcV), anisotropic, locally prodoced tail. This resolves a long-standing 
discrepancy between electron tempt.1 atu re measiirements obtained from Thomson scatter- 
ing vs soft X rays. Thc thcsiy shows that the microwaves are very heavily damped before 
reaching the resonance layer and that, d m  to the I h p ~ l e r  cffect, therc 43 v a g i  strong cou- 
pling among the spatial structure of the wavc fields, t h i  Jclocity spac:: structure of tkc dis- 
tribution function, and the particle and energy conf;ncment. ' C x  result is that wave power 
is most strongly absorbed by energetic passing or transitional pdrticles whose confinement 
is poor. We will review the expenimental data, descrihe the theory in simple physical terms, 
and present detailed Fokker-P'Banck modeling of tbc distribution function. We will also 
indicate how thc net heating efficiency is expected to i~nprovc im the EBS and how similar 
effects are to be expected in other deviccs, 

4.7.2.2 

D. B. Batchelor, thc F,BT Experinental Grolip, and the EBT Thcoi=y Gioup 

"Comparison of LlectforP. Cyclot-on Meat ~ h e r w y  and Errperimsnt in EKP''~ 

The first objective of the program of ECH studies on k:RT was to uriderstand the gross 
features of microwave power fiow and lpok~er deposition in each of the plasma components. 
'1 his was accomplished hy using ray tracing and by dc7elopirr.g a zero-dimensional (0-13) 
wave-energy balance model that takes into account the marry passes thiough the plasma 
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( ‘5imicroclassical.”). The third proce3s is dircct losses due to scattering onto unconfined drift 
orbits which has forrial aspects similar to a mirror loss cone. The relative importance of 
thesc processes varies with conditions and i s  the subject of curlent rcsearch. i t  is interest- 
ing to note that they all are reduced by improved orbits such as would occur in the EBS 
(see Fig. 4.8). Because the drift orbits ‘in the EBS are much better centered, arid because 
the transitional region is much narrower in pitch angle and occurs at larger V I I / V  than in 
EST-S, all three processes are reduced in ESS. 

Fokker-Planck calculations of the distribution functions in the presence of secorrd- 
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 is increased. Here we discuss the orbit, heating, and loss ideas which lead 
to the conclusion that this population could be controlling the ambipolar potential. in 
present EBT deviccs. 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 low-energy 
particles, which are strongly influenced by the ambipolar potential through E X 

Since part of the motivation for considering a binmpy square as an alternate to a 
bumpy torus comes from the rimultaneous evidence in EBT-S of a substantial population 

ORNL-DWGt35-2579  FED 

m 

Fig. 4.8. C ~ ~ ~ ~ ~ ~ S ~ ~  of (a) the S~~~~~~~ EBT and (b) the F, 

ticle drifts in the EBS are greatly reduced by increasing the ratio of the “corner” magnetic field to  the bumpy 
field of the sides. 

~~~~~~~~~~~~§~ The toroidal effects on par- 
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of hot electrons (7' - 2 3Tbulk)  and of a substantial energy loss channel [7 - 
0. I -0.3~(neoclassical)], we have analyzed the formation and properties of energetic elec- 
tron distributions, taking into account the radial structure of both heating geometry and 
particle drift surfaces. 

The calculation is based on taking moments of spatially segregated, Fokkes-Planck 
equations describing appropriate heating and loss processes. Results include the spatial 
structure, density, electron distribution, equivalent temperature, and anisotropy of the hot 
component and an estimate of the energy flow out of EST due to this component (direct 
loss). 

For the hot component, density accumulates by microwave pumping of cooler particles 
into the tail and is lost by scattering into the loss cone ( V I  ----, vll). Only a narrow slice of 
velocity space is populated by the hot component, because at v l  K particles are lost 
rapidly, while for VI > 1.6~11 their orbits no longer encounter the first-harmonic resonant 
heating surfaces and stop their runaway behavior. We calculate '&Tttail and find it 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 t 

'JAYCOR, San Diega. 

4.7.2.4 

E. F. Jaeger, L. A. Berry,* C. L. Hedrick, and R. K. Richardst 

"Magnetic Well Depth in EBT and Sensitivity to Hot Electron Ring ~ ~ ~ ~ e t r y ~ ' ~ ~  

We examine the possibility that diamagnetic currents in the hot electron rings in the 
EBT plasma are strong enough to reverse gradients in $d!?/S, thereby providing gross 
MHD stability. Using a 2-0  solution to the Grad-Shafranov equation with tensor pressure, 
we compute the electromotive force induced in a diamagnetic loop suirounding the EBT 
plasma. This allows direct comparison between calculated and measured cliarnagnetic loop 
signals for different values of perpendicular energy stored in the electron sings. Signals 
required for a local minimum in B and maximum in fdQ/B are found to be sensi~ive func- 
tions of ring width for which there is presently no direct measurement, However, theareti- 
cal arguments provide estimates for the hot electron gyrodiameter (-1.0 cm for 400 key) 
and for the dispersion in guiding center drift orbits ( < l  cm for the measured ring length of 
10 cm). Thus, a ring with a width of 2 ern or 2 gyrodiameters ~ f u ~ ~ - w ~ ~ t ~  at half- 
maximum) and length of 10 cm requires a diamagnetic loop signal of 443 mV (W-,  - 
49 .I and al,max - 0.45) for a local maximum in f d Q / B .  To illustrate the sensitivity of 
this result to ring width, we note that a ring with a width of 1 gyr iameter and length of 
10 cm requires 193 mV ( W ,  - 22.3 J and @ . L , ~ ~  - 0.35), whereas a ring with a width 
of 0.75 gyrodiameter and length 10 cm requires only about 100 mV (W,  - 10 J and 

P L , m n x  - 0.30)- 

'Associate division director. 
+Toroidal Confinement Physics Section. 
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4.7.23 "Finite kll High Itc'reque cy ~ ~ t a a t i o s ; l s  in W W ~ ~ ~  

A. M. FA Nadi,* J. C. Whitson, and S. IIiioc' 

It is well known that the interaction of thr; bot electron pret;ession in EB'1 with the 
high-frequency surface wave lea& to a f lute instability when the ratio of the hot electmrn 
density to the backgrolund ion density exceed? a certain thieshnld h i s  mechanism seems 
to explain the corrnpressional iinstability observed at the T-M transition. By allowing fer 8 

finite component of the wave vector parallel to the magnetic fieid lines, we fmd that the 
above coupling OCCIITS for any finite hot electron density and. shoaild thein lead to an 
unstable spectrum characterized by the presencc of po1oida.l and P d ia l .  magnetic coiil- 
ponents. Recent measurements in EMT have verified that such a spectrum is actually 
prescnt. 

'Giza University, Cairo, Egypt. 
'Toroidal Confinement Physics Section 

4.8 COMPUTING SUPPO 

J. W. Wooten 

The computing support group provides the division with computing resources in two 
arcas: operation ef the User Service Center (USC) and development of tlne experimental 
data acquisition network. Thc USC provides (1)  access to the large ccmpaitifig systenrs a t  
the National Magnetic Fusion Energy Compritirig Center (NMF:F,CC) at the Lawrence 
Livermore National Laboratory (LLNL) and (2) irmnediatc analysis and storage of cxpcr- 
inrental data. The data-handling network supports the division's experimental efforts by 
providing a rapid, state-of-the-art mems of acquiring and storing experiinental data. 

4,8*B IJSC ~~~~~~~~~~ 

H. E. Ketterer, D. N. Clark: J. V. Hughes, and Ge 14. Woottorr 

The system's primary swapping area was moved froin an RPOQ drive to an RPOr, 
resulting in improved performance. In addition, bettcr separation was achieved helveen the 
system areas and the user areas by rearranging disk assignments. This resulted in bettcl 
throughput and, along with some scheduler paramcter refinenicrtts, irnpioved user respwse 
time appreciably. 

A QMS 1200 laser printei was obtained from 'I'AIARIS along with software for FEX. 
The QMS printer is currently driven by a YAX 780 using a serial interface that will be 
replaced by a paral!el interface during 1985, 

'Thc Iocd graphics user service stations (GUSSes) 
This provides more capabilities and speed for our USES. 

An Ethernet link has been installed that connects 
link has bcen tested as a replacement for the FEDrnct 
comniui-tications Division (C&TD) systems at ORNL. 

have bccn upgraded to GUSS I-'s. 

all VZ4Xc5. In addition, a DECnet 
link with the Computing and 'I'cle- 
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The ~ , ~ ~ ~ r ~ ~ ~ n t ~ ~  Support group providcs service to the experimental groups within the 
ditision, both ~~~~~~~~~~~~ and collectively. This section summarizes the activities of the 
support group duaing B 984. Other significant activities are reported within t 
the ~~~~v~~~~~~ experimental gro:sps* 

1 WCI important y r o ~ ~ c t s  during 1984 ~snpscaved coinrnunicatiuns among the dlvison 
VhXes. The first wi~s the ~ ~ ~ t ~ ~ ~ ~ t ~ l ~ ~  of IEZ-hermt as the hardware basis for DECnet, the 

Xes ~~~~~~~~~~~t~ with each other. (DECraet i s  also used between 
the VAXes and P I P  system, but different hardware i s  used.) Ethernet improves the 

~~~~~~~~~~~~~ tnf the ~ ~ t w ~ ~ r ~  by allowing any VAX io c ~ ~ i ~ ~ ~ ~ c a t e  directly 
with ;any other ~~~~~~~~~~~~~~ of the state of other VAXes on the network. Ethernet 
alco reduces tlw load for ~ ~ ~ ~ ~ ~ ~ n ~ c a ~ ~ ~ ~ ~ .  

r?cluwk By VdIiCI?  tl;K 

e seccsnd project was the ~ n ~ t a i ~ ~ t ~ o ~  of an C-50 (cluster disk controller) and 2.5 
rn the basis for a disk farm that will 

be shared by the three VAX I1/781k in the division (and any future large VAXes that 
may he obtained) Wheni a/ S versiorr 4 is installed on the VAXes in 1985, those systems 
will share equal access to aU disks, allowing users to have access to all of their files, 
regardless of which VAX they are using. 

MFECC network 
u s i q  the MFE node name ATF'. This provides a parallel path from Oak R 
MFE network and pssvides better access to the FED VAX systems for 
pesqrsnncl who ;ere besnposarily assigned to PPPL. 

VX2. This printer should provide ~ ~ ~ ~ - ~ ~ ~ l ~ t ~  integrated text and graphics output. 

tes 01 disk storage. Tbc MSC-564 arsd disks 

Anol h a  netw6ark-ralntecl project was the connection of VX 1 to the 

A third kiardwarc project w a ~  the installation o f  a QMS model 1200  lase^ printer on 

D. fi. ~ r c ~ ~ ~ ~ ~ ~ ~  f. D. Bell,* E. T. Blair, K .  L. Mannan, 8. G. Peterson,* K .  A. Stewart, 
and w. R. Wing? 

New ~~~~~~~~~~t 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 

DP-1 1-based data acquisition system with a VAX-based system. This 
ccbnvcwion was m ~~~~~~1~~~ in a few hours, when the PDP-11 system failed and neither 

igieal Erpipment Corporatiun d EC) field service was able to repair the prob- 

The largest csnversim prctject was a rewrite of the operations system display code from 
f - l  I FORTRAN to VAX PASCAL. This was done because the elaborate data struc- 

tures necessary to sanpport thc display were more easily implemented in PASCAL. Also 
essential to the conversiori lidas the installation of on-line data compression to reduce the 
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timz required to transmit data from the YAX to the BDP-IO. The result was a more reli- 
able system that permitted faster access to acquired data (since it was possible to view and 
analyze data on the YAX rather than waiting for data to reach the PDP-10). 

'Computing and Telecommunications Division, Martin Marietta Eilcrgy Systems, Inc. 
+Toroidal Confinement Physics Section. 

-alone control s y s t m  

R. D. Burris. 1, M. Baylor,* I). E. Greenwood, and K. A. Stewart 

A stand-alone control system, using an Allen- Bradley programmable logic controllca 
(PLC) and a DEC YAX-11/730, was developed for the ORNL gneimatic pellet injectors. 
Thc system ! d u d e s  a color mimic panel for status display, a VTlOO menu display for 
command and sctpoint entry, and the PLC for the actual control of thc device. Transient 
waveform digitization of several traces, with graphic display of the inputs, is performed on 
a second V'T'lOO. 

This project was somewhat more t h m  half complete at  the end of 1984, with comple- 
tion scheduled for February 15, 1985. The first device to use the injector is to be TFTK, 
with first pellet injectiori to occur before March 18, 1985. 

'Engineering Division, Mar t in  Marietta Energy Systzrns, Inc. 

16.8.2.3 Large Coil Program data acgaaisitilcs 

E. '1-. Blair, E. K. Baylor,* and D. E. Greenwood 

It was decided to replace a portion of the existing DEC PDP-ll/4Q-hased data 
acquisition system with a VAX-based system using VXIL. This decison was made because 
the 11/60 system lacks the computer power, memory resources, and on-line disk storage to 
adequately support a full coil. test. The riew system will use CAMAC hardware to interface 
to existiiig LS1- 1 1 /23 front-end data acquisition proeesssrs. T e data and supporting data 
bases will be stored on an RA81 disk drivc that i s  part of the VAX disk farm. Results of 
the experiment will bc 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 quFrter of CY85. 

The following steps were completed in 1984: 

A system design and iriterface document was prepared to describe thc major software 
and hardware components of the VAX-based data system. 
All CAMAC support hardware, including a pair of 1-krn fiberoptic cables, was pur- 
chased and tested. 
The data bases were cxtensively reworked and made accessible through Datatrieve (a 
DEC data management product), thus providing very sophisticated report generation 
capabilities. The data base utilities were rewritten to be more user-friendly. 

e 

* 
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Q VERSAPEQT graphics software was installed on the VAX, and sup rling library mu- 
tiraes developed, to permit generation o f  graphic output using existing display routines. 
The existing data were namd to the VAX. 

4.8.2.4 RFTF ex 

J. B. Mankin 

The Radio-Frequency Test Facility (RFTF) project will use an Allen- 
and associated communication equipment to monitor the device. A I.J.S. &) 
ics terminal will serve as the monitor display and as a touchscreeni for input of syst 
commands. Programs were developed to support the magnet pumping page and the magnet 
system status page. 
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5. PLASMA-MATERIALS INTERACTIONS 

SUMMARY OF ACTIVITIES 

The Plasma-Materials Interactions Program addresses key research and technology 
issues related to the interaction of fusion plasmas with surrounding material surfaces. The 
goal ~f the base program is to understand the fundamental phenomena related to impurity 
control, erosion/redeposition of wall and limiter materials, recycling/retention of hyclrogen 
isotopes, and particle handling. The ORNL 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- 
zation [ow TEXTOR and the Joint European Torus (JET)] and chromium gettering [on 
the Impurity Study Experiment (ISX-3) 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- 
forschungsanlage (KFA) Jiilich. Time-resolved and in situ erosion studies have been per- 
formed at a reference limiter in ISX-B using laser fluorescence. Particle handling with 
pump limiters in bearn-heated plasmas was demonstrated in HSX-B. 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, erosionlredeposition of limiter material, and deuterium retention in beryl- 
lium at high fluence ( ions/cm2). 

5.11 SUMMARY OF “TIME-RESOLVED IMPURITY FLUXES IN THE: 
TEXTOR PLASMA EDGE”’ 

R. A. Zuhr and W. R. Wampler* 

The internal configuration of the TEXTOR tokamak at Kernforschungsanlage (KFA) 
Jiilich, Federal Republic of Germany, has been modified recently to include antennas for 
ion cyclotron resonance heating (ICRM) 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 standard ohmically heated hydrogen discharges having the following parameters: 
toroidal field = 2 T, plasma current = 340 kA, line-averaged electron density = (2-3) X 

errp3, central electron temperature = 1 -1.5 keV, and discharge length = 2.5 s. After 
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exposure, the samples were removed and transferred in air to a megaelectron volt 
accelerator facility, where Rutherford ion backscattering (RBS)  was used to determine 
quantitatively the amounts of impurities retained on the samples. Present rcsults are com- 
pared with previous measurements of edge fluxes made prior to modifications to the 
plasma-side liner of TEXYOR. 

The amounts of impurity elements detccted in the scrapeoff layer of TEXTOW at 2 
and 5 cni behind the limiter radius are given in Table 5.1. 'Ihe numerical values are the 
average tluxes retained in the electron drift direction for exposures that are time integrated 
over nondisruptive ohmic discharges. The most common element in the edge is seen to be 
oxygen, with maximum time-averaged fluxes on the order of 5 X cin-2.s-1. The 
most abundant metallic elements are iron, chrannirlm, and nickel. Lesser amounts of 
molybdenum, wvhha3h is a component in onc of the Inconel alloys used in TEXTOW, and 
traces of toagstcn 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 prn'sss is approximately 8:2: 1. Nickel, the major constituent of Inconel, 
is present in smaller amounts than eithcr iron or chromium. Such a result indicates that 
the metallic iniplnrities originate from stainless steel components, such as the limiters, 
rather than from the Inconel liner. 

The time dependence of radial distrib;ia&iorns in the electron drift direction for Fe + 
Cr + Ni, oxygen, and molybdenum is shown in Fig. 5.1. Here the retained flux is plotted 
as a function of the tokamak ininor 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. Time resolution for 
these data is 9 3 4 0  ms, so rapid fluctuations are not observed. On this time scale, it is 
clear that the radial distribution of impurities i s  a smoothly varying function of time. The 
shape of the distribution for each of the impurities remains essentially the sanic throughout 
the discharge. The observation that the impurity deposition rate does not increase; during 
the discharge indicates that impurities are not accumulating in  the edgc as the discharge 
progresses. This i s  an important result and confirms data obtained in earlier 'I'EXTBR 
discharges.* 

Least-squares fits to the data and radial decay lengths derived from them are also 
included in Fig. 5.1. Fits are for P > 48 cm except for the transition metals at 2.3 sp where 

Distance 
Probe behind Average flux (cm-*.s"") 
radius limiter .................... .................... 

(cm', (cm> 0 Fe Cr Ni  MO 

47 2 5.8 X l O I 5  2.8 X l O I 5  '3.8 X l O I 4  3.4 X 1014 2.4 X l O I 3  
50 5 4.9 x 1015 1.0 x 1015 2.7 x 1014 1.2 x ioi4 1.1 x 1013 



Fe-i-Cr+Ni ( 101*/cm2s) 
loe,  I I I I . ,  . I j I I 

=O.2a, l/e=l.Q2cm 
=0.!38, l/e=t.7Qcm 
=1.Ba, l/e=l.Bfcm 
=2.3s. l/e=Z.O(lcm 

2 MOLYBDENUM ( 10"2/crn s) 

0=0.2s. l/e=Z.77cm 
O=O.ga, l/e=2.i7cm 
A=l.be,  l/e=2.43crn 
0=2.3s, l/e=4.00cm 

0 
E 

Fig. 5.1. Time evolution of the radial dependence of retained impurity fluxes lor Fe + Gr + N1, molybdenum, and oxygen. Data 
are for ohmic hydrogen discharges in the electron drift direction at 0.2 s (n), 0.9 s (O), 1.6 s (A), and 2.3 s (0). Deposition before 
{ -0.5 s) and after (+ 3.0 s) the discharge is essentially zero. Radial e-folding lengths ( 1 /e) for r > 48 cm are shown. 
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separzte curves arc fatted above and below 49.5 cm. The timc depcndcnce of the decay 
leii$!is is included for the metals. The residt$ for the most aburrdant metals in  the edge, 
Fe 4- Cr 'i- Ni, are shown on the graph to the lcft and indicatc a decay length for x > 
48 cm that varies only slightly tiuring thc main portion of the discharge (1.85 t 0.22 cm). 
The variation that docs oecwr is consistent for all the nii;ials and resiilts in a shortening of 
the scrapeoff length by 10 to 20% durinz the inost stable central portion of the discharge 
l h i s  i s  an indication that the p lxma  is most tightly coi1fi';ned ai these times. '4s the plasma 
begitis to collapsc ( t  = 2.3 s), the radial scra f leng;% iilcieases and thc flux retained 
on the peke decreases. The behavior of molybderrrm i s  similar to that of Fe + Cr f Ni, 
although the rncasured decay length i s  ssmewliat longcr (2 45 3. 0.3 cm). The change in 
thc slope of thr: profiles that is observed for all the mctals at r = 48-49 c a  is believed to 
be due to the fixed iririer limiter at  r - 49 cm and to the limiting actF;.ri of the newly 
installd rf antenna sysbcm, which is located 115" from the probc i n  the i ~ n  drift direction 
at  a radius of 48.8 cm. 

The results for oxygen deposition (Fig. 5.1, iight) are in contrast to thcs~, achieved for 
the rwtds. The radial distributions are much flatter, thc observed decay length is longer, 
and there is little variation with time during the discharge. In this casc, hecause of the :,a& 

of time depcnbecze, only a single decay leqgth is fitted to all the data ( l / e  = 6.98 cm). If 
the oxygen radial profilcs have I I Q ~  bcen distorted by experimental complications in the 
measmrcment of oxygen depsition, these results suggest that thc introduction mecha iiism 
or cdgc transport for oxygen must br different from that for the metals. 

In compaaison with measurements made prior to modificaticn of the liner, several 
changcs are obsexed 'I'he radial dcpendcncc of thc Jmpwities now si.:o,ws a clear decreasr 
with distance behind the 5miter thzt may have been srncared by plasma instability in ear- 
lier exposurcs. The previous increase in metallic fluxes new the liner SS 110 longer observed, 
perhaps because of decreased contact be:-ween the plasma and the liner due to the liiniting 
effect of the antenna installation The deposited fluxes of oxygen ate approximately the 
sanie, iiidicating a similar level of wall canditioiaing. but the .flux of transition metals has 
increased by a factor of 2 to 3. The relative amounts of iron, chaomiam, and rickel have 
a h  changed. The relative amourit of iron has increased, while that of nickel lnas 
decreased, indicating relatively less interaction betwecn the plasnia and the Inconel liner. 
In  combination, these changes point toward a mo;e stable plasma that i s  better confined by 
the limiters and interacts less strongly ~ i t b  the first wall. 

'Sandia National. L.ahoratories, Albuquerque, N. Mex. 

5.2 AB9TRACT OF "THE !NFLUEN@E OF IMPUWI'ITIES ON THE 
HIGH-TEMPERATURE SBUTTE ING YIELD OF 

J. Roth,' J .  Bohdansky,' and J.  B. Roberto 

The ;:lfluence of surface and bulk impurities on the chemically enhanced sputtering of 
graphite ~ m r  600" C and the iadiation-eihanced sublimation of graphite: ahove 1090°C 
has t s x n  investigated. Siich investigatinns yield additional information on the mechanisms 
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of ~ ~ ~ ~ ~ - t e ~ r i ~ ~ ~ ~ ~ ~ ~ ~  erosion processes in graphite and may lead 10 procedures for rninirniz- 
ing the erosion rates In  gnrticular, an ~~~~~s~~~~~~~ of the effect of simultaneous impurity 
fluxes on the enhanced erosion could be ~ ~ ~ ~ r ~ a n ~  in determining the usefulness of gra- 
phite as a high-tempemture plasma-side material in fusion reactors. 

The zhen [ i c d  sputtering yield for 500-eV hydrogen bombardment of graphite at 
0°C was investigaeed at the Max ~~~~~~~~~~~~~~~t high-current ion source for graphite 

;amp:es with deposited !oycrs of  go1 iron, nickel, titanium, and molybdenum. For the 
gold, imr;, and nickel f i l r ~ ~ s ,  ~luastericg af the depsited films a h w e d  high chemical sputter- 
ing (mctlame) yieids despitar: averngc surface coverages of many rncmolayers. For the non- 
clustering t i tan ium and ~~~}~~~~~~~~~~ Mms, ~ ~ ~ ~ r ~ ~ s ~ ~ ~ ~  of the chemical sputtering yield 
was approximately a factor of 2 with one m ~ ~ ~ l a j ~ e r  coverage. Addition of bulk impurities 
(4 at. % Si) was most effcdve in suppressing eiae chemical sputtering of graphite. 

The ra(claaticzn-ee7hane.ed 
argora ions wa.; investigated urine s ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ s  titanium evaporation onto the surface at 
the ion ~~~~~~~~~j~~~ facility in  the Solid State Division. The titanium concentration in the 
near s u r ~ ~ c c  has a strung inaflu~nce on the ion-enhanced sublimation yield, as shown in 
Fig. 5.2 Low ccmccntraiiisns of titanium initially increase the carbon yield, while concen- 
trations ahow 10 at. ?b leiid lo a nearly complete suppression of the enhanced yield. The 
increase in carbon erosion at  low fitasaiuin concentrations is attributed to the occupation of 

t- I-------------- 

0 t 2 3 X 1 C  

~~~~~~~~ of the en itaraiuin coverage for 50-keV 
meaat of ~r~~~~~~ at 1 oom-temperature sputtering 

yield for graphite is shown. as i s  the sputtering yield of bulk ‘FiC at 1520°C. 
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vacancies by titanitmi atoms, allowing additional carbon irnterstitials to diffuse to the sur- 
face and evaporate. 

Overall, the results indicate 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 hulk 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-Institirt f i r  Plasmaphysik, Garching bei Miinchen, Federal Republic of Germany. 

5.3 

P. W. King and T. B. Cook 

IN SITU EROSION S'P'UUIIES WITH LASER FLUORESCENCE TECHNIQUES 

Sputtering measurements at  a reference limiter, initiated last year,' were continued. 
Studies were performcd for both graphite coated with titanium carbide (Tic) and heryl- 
liunm as the material of the main limiter. Experimental rcsults (discussed in more detail 
e i ~ e w h e r e ~ . ~ )  are summarized below. 

E O K  neutral-bearn-heated plasmas with a beryllium rail limiter, titanium erosion rates 
from a reference limiter made of Tic-coated graphite are =9 X 10l4 atoms/cm2-s-' at a 
midplane location about 10 crn outside the plasma boundary. The measured electron- 
impact ionization length is 5-0.3 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 near 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. 

O R N L  D W G  8 5 C - 2 3 0 8  FED 

10 crn OUTSIDE P L A S M A  

0 'I 
- 1  -1 
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Electron-impact ionkation lengths outside neutral-beartm-heated plasmas with the 'YiC 
limiter are a p ~ r o x ~ ~ ~ a t e l ~  the same as for t e b e r y l h ~ n  limiter case. For tbe TiC limiter 
case, the erosion rate for deuterium plasm is three to four times higher than that fOI' 
hydrogen plasmas. The erosion rate on the ion side is a i  least ten times greater than on the 
electron side, and the: neutral metal density irr the scrapoff layer decreases with increasing 
ife (see Fig. 5.4) and increases with neutral am power (up to about 1 MW). The hydro- 
gen vs deuterium and ion-side vs electron-s studies were done for %.'e I erosion fst, wi a 
stainless steel reference limiter. 

R. E. Clausing and E. YIeatherly 

New ways are being found to control the recyclirrg of impurities and hydrogen from 
the walk of fusion devices. Data from a laboratory sirnunlator are eiplg used ana andiyxe 
together with data froin , the Joint European rus (JET), and other tokamaks 
to learn how best to e wg of the interaction between 
impurities on surfaces exposed to plasma ~ ~ ~ n ~ ~ t ~ o n ~ n ~ ~  These data show that oxygen and 
carbon surface impurities are interrelated and can be ~~~~~~~~~t~~ by controlling t 
psit ion of the gas used for plasma surface conditioning7 Not only can oxygen be reduced 
to low levels, but also carbon (and other elements) can be either  re^^^^^^ or deposited and 
reacted with the substrate. In the case of carbon deposits, a thin nae8:d carbide layer can 
be formed or thicker deposits of clementa). carbon cdn be made. Surface compositions can 
be reproduced easily and reversibly in a contrnlle way. Furthermore, these c o ~ ~ ~ s ~ t i o ~  
changes can alter the hydrogen recycling arid plasma irnpurity levels by an order of magni- 
tude or Inore. 

poseful ~ a ~ ~ ~ ~ ~ ~ t ~ o ~  of surface compositions or deposits on the walls and limiters of fusion 
devices and makes possible the rapid and mearly complete elirninatio of oxygen and other 
impurities on the walls and in the plasmas of tokamaks. Carbon f ns deposited on sur- 
faces affect not only h ogen recycling but also hydrogen ~ ~ ~ ~ c a ~ ~ ~ ~  an 
inventory in the wall. ny of these effects are i ~ c o ~ ~ ~ ~ e t e ~ ~  ~ ~ ~ e r s ~ ~ o ~  and not we91 
dsc~irnen ted. The plasma-wall interaction simulator provides a convenient an 
to ~~~~~~~~~~t the effects of the many variables involved and to develop mid 
niqries for use in larger devices. 

'In the simulator we have related gas c ~ ~ ~ ~ s ~ t i o n  to surface c ~ ~ ~ ~ ~ ~ s ~ t ~ o n  changes and 
resulting recycle behavior, Surface oxygeia levels can be reduced from 30 to less than 
3 at. in  45 min of ischarge cleaning. We have demonstrated the ease with which car- 
bon can be deposited or removed rapidly arid r e ~ r ~ ~ c i ~ ~ y  and have shown that it displaces 

other surlfxe-active impurities to produce a clean carbon." or carbide-covered 
g on the conditions). Figure 5.5 shows the cffectiveness of carbon in rernov- 

ing impurities from the walls of the sirnulator. Hydrogen recycle from these walls rapidly 
approaches unity, but there appear to he strong effects due to hydrogen inventories in the 
films, which in turn are influenced by the preparation and history of the: film. Studies of 

extend our understa 

-, Ihe use of selected addirioals to the gas use in discharge cleaning permits the pur- 

these variables are contin uiwg using isotope exchange and thermal esorption methods. 
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Fig. 5.5. The decrease in surface-active impurities as carbon is increased hy adding methane 

to the glow 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 (TSX-B)  
tokamak emphasized studies on limiter materials and configurations, impurity control, and 
particle handling. These studies were performed with strong involvement and under coordi- 
nation of the Plasma-Materials Interactions (PMI) group. The main efforts were ( I )  the 
ISX-JET 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-€3, 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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5.6 PLASM A-MATERIALS lNTEW?ACTION STUDIES DURING THE 
IBERY1,LIUM EPMITER EXPIERIMEN P 

R. E. Clausing, L. Heatherly, K. A. Tmglcy, J. fl Roberto, He. A. Zuhr, 
J. von Seggerri, and K G. Tschersich 

The be:yllium limiter experiment prsvidcd a unique opportunity for certain kinds of 
plasma-materials studies. Studies reported here include those associated with the initial 
cleanup of the ISX-l3 macliinc aftei installatioil of the limiters, the transport of impurities 
and hery1litrrr.s during the experiment, and th:: deposition of deuterium into the limiter and 
wall sample$. 

The initial cleanrip, using 1 20-Hz discharge cleaning pulses, produced conditions suit- 
able for normal ungetteied tokamak discharges after one day. 'l'he wall composition (moni- 
tored through the use of a surface analysis station) showed the progress of cleaning and 
the tiansport of wall and limiter material from prior getter deposits as well as the 
trafispor: of beryllium Significant amounts of beiylliurn (but much less than a monolayer) 
werc transpor led as ncutral particles produced by sputtering during a typical overnight 
di5charge cleaning cycle. This sputtered beryllium acted as a gctter hut was insufficient to 
alter riiachinc performancc. 

'lhc evaporation and transport of beryllium around ISX-B during the initial tokamak 
operation, wi th  limiter loads within the design specifications, were small. A subsequent 
series of high-power shots, however, caused much melting and evaporation. From that time 
on, small hot spots formed on the limiter during each normal-powcr (fluemce) shot? causing 
more beryllium to be evaporated, so that the machine operated in a gettered mode for the 
balance sf the limiter test. Figures 1.11 and 1.13 Is Chap. 1 sli-iow changes in the gross 
appearance of the limiter during the cmme of the tests. Figures 5.6 and 5.7 show the 
macroscopic appearance of thc limiter surface after the tests. Note that many of the melt 
structures have beea eroded or evaporated severely; most of the protrusions having exposed 
surfaces peipem1dieulai to the power flux have bright shiny spots, indicative of repeated 
melting on every shot. These spots are the sourccs 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 mmch 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. Thus, it appears that neutrals leaving the limiter during 
tokamak shot< are ionizcd and either move around the machine along the magnetic field 
lines until they are redeposited on the limiter or diffuse into the main plasma. The deposits 
contain significant amounts of free beryllium metal, implying that much more beryllium i s  
being deposited than is needed to gctter oxygen. lkryllium oxide is quite stable, and earlier 
measurements indicate that, in these experiments, it does not contribute milch oxygen to 
thc main plasma. 

Silicon and stainless steel. collector samples were placed in a number of locations to 
determine the distribution and arriounts of beryllium and deuterium deposited during the 
entire lperyPliuni limiter experiment. The results are s u m m a r i d  in Fig. 5.9. The numbers 
in parentheses indicate beryllium deposits; the numbers in square brackets indicate deu- 
tcrium levels retained after approximately two months. Note that the beryllium levels were 
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Fig. 5.6. Photomicrograph of the center part of limiter tile 8 
showing the appearance of the melted and eroded surface. 
Magnification is 4X. Note the shiny areas on the protruding 
structures; these are indicative of repeated melting. 

higher near the limiter but that considerable amounts were spread entirely around ISX-B. 
Also note that these deposits on the walk are orders of magnitude smaller than would have 
accumulated on the sampbs in the piasma edge as described above. Thus, we see that sur- 
faces that intercept edge plasma will be much more heavily coated than wall surfaces. The 
retained deuterium decreases monotonically as a function of distance from the limiter in 
the direction of ion drift. 

The limiter was carefully analyzed after the mts. Each segment was weighed to 
determine the amount of material lost. The center sections lost the most; some weight 
gains are noted on end sections. Overall, about 2 g of beryllium was lost from the limiter. 
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Pig. 5.7. A sectitm of Fig. 5.6 with mgdfication 1OX. 

Accelerator-based techniques were used to measure the deposition of metallic impurities 
and deuterium into the limiter segments. The analysis provides total concentrations for the 
first few thousand atom layers. Further measurements will be required to be certain that 
diffusion to deeper layers has not occurred, but it appears that the values for deuterium 
are approaching saturation levels of about (1-5) X 10'' cm-2. These values were mea- 
sured about two months after the last plasma exposure. Concentrations of the transition 
metals iron, chromium, and nickel were (0.5-10) X 10l6 cm-2. A beryllium sample 
exposed in the edge plasma to 72 tokamak fluence shots (3.5 X 10'' ions/cm2) retained 
(6-9) X 10l6 deuterium atoms/cm2 after two months. 
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Fig. 5.8. ~~~~~~~~~~D of the surface deposit QD 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 on 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 carricd out; the electrical, thermal, and mechanical properties of vari- 
ous materials and bonding techniques were ascertained by subjectkg samples to high- 
heat-flux hydrogen ion b e a m .  Iinproved current feedthroughs, which couple rf power 
through the wall of a n expcrimental device, WCE succesdwlly developed. Careful design, 
aidcd by a 2 - 0  Poisson solver, resulted in feedthroughs with lower voltage standing-wave 
ratios, allowing more powcr to be transmitted. The Radio Frequency Test Facility, a 
simple magnetic mirror using superconducting magnets and microwave plasma productiorr, 
was approved in 1954, and construction has started. This facility will provide the plasma 
environment necessary for testing high-power, steady-state rf heating components. 

The coritracts with IIughes Electron Dynamics Division and with Varian Associates to 
develop 60-GM7 gyrotrons came to successful conclusions during 1984. A contract was Ict 
with Varian Associates for a gyrotron power source that will operate at  140 GHz; it will 
USC two 100-kW cw tubes. 

. . .... .. . . . . . . . . . . . .- . . . . - . .. . . . . . .. . . . . . . . . . . . ~ 

6.1 NEIJTRAL BEAM PIIEtb'IlPdC 

6.1.1 Positive-lon, Long-Pulse Source I d e ~ e l ~ p ~ : s r t  

The Advanccd Positive Ion Source ( M I S )  deve!opmerrt was successfully completed 
this year. '4 brief surnmary of the work is included here, details are available in a recent 
publication. ' 

The long-pulse ion source, designed to deliver 80-keV hydrogen ion beams with low 
beamlet divergence (e,,, = 0.26") at a current density of 0.19 A.cm *, was operated to 
meet the design specifications. Iiydrogen ion beam pulses of 40-48 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) providcd an effective emission surface of 250 cm2, which translates to 47.5 A at 
the design current density. The beamlct divergence was estiirnated from beam profiles 
measured 370 cm downstrcam. After corrections ' N C X  made for imperfect steering effects 
due to manufacturing errors atid the effect of residual magnetic fields at  the test facility, 
the beamlet divergerice was found to be 0.3", in agreement with the numerical design. 
Other charaetcristics 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 ( > 8 5 % ) ,  and low gas flow (10 12 torr.L/s). 

Apart from tile excellcnt optical characteristics of the beam, an important feature of 
the ion source was its reliability and ruggedness during iong-pulse operation. About 600 
30-s-long pulses arid thousands of multisecond pulses were cxtracted at a power level of 
around 3.2 MW. A sample from this test sequence i s  shown in Fig. 4.1. A simple elec- 
tronic circuit was used to turn thc bcam back on after a time delay of 150 ms (limited by 
thc circuit components) if a brea-kdown occurred during the 30-s pulse duration. A histo- 
gram illustrating the percentage of shots at full power vs the interrupt frequency is shown 
i n  Fig. 6.2. It shows that approximately one-third of the plres  have no interrupts at  all, 
with the average number of interrupts during a 38-s pulse being only 1.5. 
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Fig. 6.1. Reliahility plot showing the beam parameters YS 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 Labora- 
tory. The optimum deuterium current a t  80 kcV was measured to be 33 A, in agreement 
with the inverse square-root scaling of current density with atomic mass. Using their oyti- 
cal mass analyzer {OMA.), based on Doppler shift spectroscopy, the full-, half-, and third- 
energy species mix obtained was 76.6%: 16.7%:6.6% from the blue-shifted spectrum and 
80.4%: 14.8%:5.8% from the red-shifted spectrum. The oxygcn impurity was faund to be 
below the sensitivity of the OMA (<O. 1%). 

In summary, a high-power (3.2-MW), quasi-steady-state ion sourcc, with excellent 
optical characteristics (beamlet divergence of 0.3“ ) and high reliability has keen developed 
for rnultisecond ncutral beam irijeetion applications. 

5.11.2 Negative-ion ,%rce LPevelopmemt---Abstract of ““Intense Ei* 
an ORNL SITEX r,i- Sourcen2 

W. K. Gagenhart and W. L. Stirling 

I I -  beams of 625 mA, 18 keV, and 9 s, as well as D beams, have been generated at 
a 10% duty cycle using the ORNL SITEX (surface ionization by transverse extraction) 
source.’ In a sim;!ar manner we propose to produce intense Li- beams for acceleration and 
neutra1iLatiot-i to be used in a charge-exchange alpha particle diagnostic scheme for fusion 
reactors. Li- ions would he generated by Csf (generated in a reflex discharge) sputtering 
of lithium absorbed on the cunverter, which is biased - 150 V with respect to the anode. 



..... 
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The scaled extracted electron to Li- current ratio would be <5%, with all extracted elec- 
trons being recovered at an energy of 0.1 of the first acceleration gap potential energy 
differencc. The arc efficiency should scale to 5 kW of source power per ampere of Li- 
beam. Dircct-current acceleration with a mimltiple grid system will be used bo 100 keV with 
a small angular divergence and an emittance suitable for injection into an KFQ-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. 



6.1.3 Theoretical Ion Optics- Abstract of “New Accelerator ~~~~g~~ for Positive and 
Negative Ions”4 

M. A. Bell, J. €4. Whealton, K, E. Raridon, D. M. Woolen, and R. W. Mc’Caffey 

For positive ions extracted from a plasma, several two-dimensional 4 2-D) cylindrically 
symmetric designs are proposed using the ORNL ion optics  ode.^,^ Thebe designs ensure 
higher current density than that of ref. 7 with low divergence and are important for 
Tokamak Fusion Test Reactor (TFTR), Doublet III HI) ,  and Tandem Mirror Fusion 
Test Facility applications. For negative ions using the configuration of the ORNI, SITEX 
ion source, a 2-D design is proposed which yields much higher beam current and converter 
utilization than that of ref. 8. 

6.2 PELLET FUELING 

The focus of the ORNL development program in pellet fueling was on advancing the 
state of the art of pneumatic 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 systenas such as TFTM, Big Dee, and the Advanced Toroidal Facil- 
ity (ATF). The appropriate vehicles for achieving these objectives are the ORNL repeating 
pnenmatic injector (RPI) and the centrifuge upgrade facility presently under construction 
at ORNL. 

6.2.1 pelkt In&XtQr ~ @ V e ~ O ~ ~ ~ n ~  

6.2.1.1 Mechanical injector 

A new version of the centrifuge injector, which was recently 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, JT-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 h / s ,  and a repetition rate of 30 pelllets/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 
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VAX mainframe computer foi data acquisition and display arid an Allen-Bradley pro- 
grammable logic controller for machine operation. A remotely operable and inqtrumented 
gas manifold system was incorporated to facilitate operations at TFTR. 

The objective of the test program for the lWI was to demonstrate the production of 
4 mm-diani pellets (in deuterium) at a lSOO-m/s muzzle velocity. Gun barrel length 
optimiation studies (Fig. 6.3) were completed for a nominal pellet diameter of 3.4 mm. 
Acceleration lengths of 20, (40, 60, 80, and 108 cm were tested. A broad optimum was 
found in the 60- to 100-cm range, and velocities as high as 1550 m/s were recorded at the 
maximum opcratirig pressure of 93 bar. The tests of the 4-mm-diam pellet configuration 
(Fig. 6.4) were performed with an 80-cm-long gun barrel. The highest measured velocities 
were 1600 m / s  with deuterium pellcts and 1900 171,’s with lighter hydrogen pellets. The 
injector was also operated in the repeating mode in this configuration. Repetition 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. ‘Ihc complete system, including the stand-alone controls package, is to be 
qualified at these parameters and then shipped to Princeton Plasma Physics Laboratory 
(PPPL) in March 1985. 

6.2.1.3 Tritium pellet i@xtor 

The preliminary design phase of a tritium pellet injector (TPI) for TFTW was con- 
cluded in 1984. ‘I’he injection system, which is scheduled for use during the Q = 1 
operation of TFTR in 1388, features a pneumatic injector c a p b l e  of delivering eight 
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Fig. 6.4. Muzzle velocity vs s ~ p p l y  pressure fox 4-mm-diam 
hydrogen and deuterium pellets. 

tritium [or deuterium-tritium ( S 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 ORNL RPI (high-pressure 1-12 propellant). The pellet feed mechanism 
features (1) a small-volume extruder to minirnke the tritium inventory (less than SO00 Ci), 
(2) a He3 separator to purify the Tz 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 . 9 )  equipped with niaintenance 
ports for access to the injector components. Three separate TFTR gas cleanup systems 
(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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&%.2 Pellet Fueli 

62.2.1 Pellet i~~~~~~~~ in ISX-B 

Improvements in plasma performance with pellet injection have been achieved in 
several. tokamaks in recent experiments.’ l 3  On the Impurity Study Experiment (ISX-S), 
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 Pequil, has peaked at  1.7 times ISX-B scaling for n,  = 6 X lOI3 in both well- 

gettered and ungettered d i s~ha rges . ’~  Following the peak, in the well-gettered shots T: 

decays to 1.2 times ISX-B scaling within 50 ms after pellet injection. In the ungettered 
discharges 7: follows the Z-mode scaling that i s  appropriate to the plasma conditions ( P b  
= 1.7 MW, I ,  - 180 kA). Thus, pellet injection in ISX-B shows energy confinement 
better than that for gas puffing in clean disc’rrdrges and matches the Z - m ~ d e  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, Ip = 120 M, Pb = 0.8 MW), each with injection of 
a single 1.0-mm hydrogen pellet, are shown in Figs. 6.9 arid 6.10. The first shot (Fig. 6.9) 
shows no increase in beta following pellet injection; in contrast, the second shot (Fig. 6.10) 
shows a 38% increase in plasma energy following pellet injection. As observed for the 
improved-confinement plasma shots with the larger ( 1.5-mm) pellets, this shot shows a 
prompt decreasc in the pllasina internal inductance I,, indicating a broadening of the 
plasma C U I - I - ~ A ~  profile, a change in plasma magrietohydrodynamic (MIID) behavior from 
sawtooth oscillations to quiescence immediately after the pellet, and a sharp 1-V spike in 
the loop voltage. Some 25 ms after the pellet, li has increased slightly above the preinjec- 
tion level, and plasma MHD activity has grown to GO inuous large-scale oscillations (con- 
tinuous m = 1 activity i s  observed with the 1.5-m pellets). This shot also shows an 
improvement in particle confinemcnt, as evidenced by a postpellet peaking of the line- 
averaged electron density on all chords. 

Trajectory plots of plasma beta vs density for thesc two shots are shown in Fig. 5.1 1 
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 dccrease in 
transport or beam losses with increasing density but is a discrete plasma event triggered by 
the pellet. From other ISX-B 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 MMD) before injection. The H, ernission profiles from the 
two pellets are shown in Fig. 6.12. Both pellets penetrate far enough into the plasma ( 6  - 
0.9) that the differencc in penetration i s  not likely to be the sole reason for the different 
post-pellet evolution of these shots. The detailed shapes of the II, signals and deposition 
profiles are slightly different, however, perhaps reflecting the pellet’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 confinenlent change, or disruptions in otherwise 
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Fig. 6.9. Data from pellet injection into LSX-B plasma, 
showing no increase in beta followhg pellet injection. 

identical shots. This explanation is consistent with the observation that high-qedgc shots 
(with no sawtooth oscillations) were required in the early ISX-B experin~ents'~ 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 PET: preliminary results 

The ISX-B/ATF four-shot pellet injector has been lent to PPPL for installation on the 
Princeton Large Torus (BLT). 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 (LHCD). Preliminary results obtained by 
injecting 1.5-rnm-diam Dz pellets into ohmically heated and low-power (600-kW), JCRF- 
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 l O I 3  cm-3 to 4.8 X I O I 3  cm-', with a 
corresponding drop in TJO) 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 T,  and Fe data and 
the pre-pellet value for Zeff. In Fig. 6.14(a), one sees that the post-pellet Te profile is 
slightly flatter than the pre-pellet profile and that the sawtooth inversion radius has 
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Fig. 6.10. Data fro ellet injection into ISX-B plas 
showing a 30% iiicaease in beta following ~ ~ l ~ e t  injection. 

increased slightly. The sawtooth period has increased 1.5 times, which implies a 50% cen- 
tral density increase assuming constant radiation losses. Figure 4.15( a)  shows neutron pro- 
duction, which increases threefold following pellet injection. Like K,, neutron production 
stays elevated for the duration of the shot, indicating good confinement of the particles 
deposited ky the pellet. 

Data for an ICRF-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 ICWF power at 30 MHz ( He3 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,( 0) to the pellet are smaller than 
for the ohmic shot of Figs. 6.13(a), 6.14(a), and 6.15(a), which is not unexpected, given 
the additional heat flux to the pellet from fast ions generated by the ICRF heating. Both 
neutron production [Fig. 6.15(b)] and T ,  [Fig 6.14(b)] clinih steadily following pellet 

injection as long as the heat stays on, a promising indication of improved ICRF heating or 
plasma confinement following pellet injection. Lengthening the ICRF pulse or applying 
additional ICMF power following pellet injection could boost neutron production even 
further. 
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6.2.2.3 Pelkt i~~~~~~~~ in ~~~~~~~ I11 

A major experiment was performed on the DlII tokamak facility at  @A Technologies, 
Inc,, in cooperation with the: Japan Atomic Energy Research Institute (JAERI) group. A 
centrifuge-type pellet injector, which was developed at ORNL, was used to continuously 
fuel, plasmas in both divertor and limiter configurations. 'h'he injector could injcct 1.3-mnr- 
diann pellets of frozen deuterium a t  a speed of 800 m / s  and a rate of up to 40 pelletsjs. 
The pellet injector was shipped from ORNL in January 1984. Pellet experiments started in 
April and ran with high reliability through August, when DlXI was shut down for a major 
upgradc. In the  diveptor-corn~~gkaration experiments, the @asmas prod~ced with pellets had 
much h i g h  densities than those produced by edge fueling with gas. This was not surpris- 
ing, sines with gas injection the fuel must pass through t h ~  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 RPI 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 O R N L  in support of the high-power (27-MW) neutral beam experiments 
scheduled for 1986. 

6,3 RF HEATING 

5.3.1 National RP’ Research %I 

The National RF Research and Development (NRFRD) Program encompasses the 
development of rf technology at ORNL and the coordination of supporting research at 
some other institutions. The principal goal of the NRFRD Program is to develop and 
demonstrate the technology necessary to deliver long-pulse (to cw), high-power, ICRF 
energy to a reactor-grade plasma. The program has three major thrusts: (1) antenna sys- 
tems development, (2)  theoretical support, and (3 )  test facilities. An additional major 
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endeavor is the development of an rf  power source that can serve as the basic element, 01 

“building block,” for the multimegawatt ICKF fusion systems of thc future. A system that 
can provide over 2 MW of power at. frequencies of 40-80 MHz with only one output tube 
is already under development. Thcse capabilities are unmatched by those of any existing or 
planned system. This equipment, when delivered in May 1986, will be installed to provide 
for the antenna develaprment tests to be con ucted in the Radio-Frequency ‘res 
(RFTF). As the designated lead laboratory ICRF technology d e v e ~ o p ~ e ~ t s ,  0 
been carrying out the responsibilities of coordinating other complementdry research at 
other institutions for example, the waveguide launcher investigations at the University of 
Wisconsin and JAYCQR. 

A critical emphasis of Ihc NRFRD gram activity is the support of ncar-term fusion 
experiments with adaptations of ICRF eloprnents. An example is the incorporation of 
many of the NRFRP) antenna system achievements of 1984 into a high-power (>2-MW) 
launcher that will be tested on the DIT1 upgrade, DIII-D, in 1984. 

Considerable progress in rf technology has been made in the last year. The improved rf 
system concepts that QRNL has analyzed and developed are exp to lead t~ an overall 
iniprovement of greater than an order of magnitude in the power cdn be launched into 
a fusion device plasma. With future fusion machines expected to need I -50 M W  of rf 
power, the effectiveness of the rf elements is extrernely important in cost and in pcrfor- 
mance. 

6.3.2 RF Develapment Technology 

Antennas for ion cyclotron resonance heating (ICXH) applications have been analyzed 
and optimized to extend the power limit per antenna by 3 hctor of 2 to 3. Loop variations 
[simple loop, long loop, cavity, resonant double loop (RDL), asymmetric RDL (ARDL), 
and U-slot] have been built and studied. High voltage in the antenna structure generally 
limits the power. The matched RDL minimizes the voltage at the feed int. The ARDL 
not only minimizes the voltage at the feedpoint but also has the lowest voltages of any of 
the antennas. The electrical characteristics of each antenna and its magnetic field profiles 
have been measured and agree with simple models. 

Faraday shields are used to protect the antennas and to pslarize the wave while 
transmitting p’ower. Experiments on 27 Faraday shields show that the shields in general 
use typically cut coupling in half and that simple designs can resuit in virtually no reduc- 
tions. These optimum 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 Lo 2000-A, I-s, 26-kV 
neutral beam discharges. The heat flux was 4 kW/cm2. ,411 materials were bonded to a 
3/8-in. copper swirl tube with a coolant flow rate of 3 gpm. Materials include copper; 
electroplated nickel, chromium, gold, and silver; plasma-sprayed Tic nickel, chromium, 
and aluminum; and brazed POCO graphite. ’I he plasma spray techniques lrequently did 
not offer sufficient conduction. Of particular interest i s  the graphite, which easily survived 
the tests with a minimum of erosion. These techniques can also be used for limiters. 

The benefits of matched antennas are realized only with a matched feedthrough. 
High-power, 5042 fcedthroughs have been built, tested, and naodeled. Prototypes have an 
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insertion voltage standing-wave ratio (IVSWR) of < 1 . 1  S for frequcncies of <4QQ MIIz. 
This was well correlated with a 2-1) Poisson solver that computes the feedthrough's 
impedance as a func-tion of frequency. Other m ~ d e l s  that we have designed aid are bzdd- 
ing are predicted to huvc an IVSWR < 1.03 for f < 400 MIIz. The fccdthroughs have 
been tested to 80 kV for 5 s and 610 P. for 1 s with no problcms. This is more than d f i -  
cicilt for I - to 5-M W antemas. 

6.3.3 RF Themet 

6.3.3.1 Tlacmy of feedthrsug3-2s: w a w  ira-nsmi&r;n asd d t a g e  cbarastwistks 
of high-powcl caaarent ken,, for ICRIl 

J. H. Whcalton, R. J. Karidon, D. I .  Hoffman, I'. E. Owens, M. A. Bell. l-. W. Baity, 
J .  1,. Bledsoe,* and W. R. Becraft 

Using circuit theclry and solutions of a scalar 2-D Laplace cquation for the electrostatic 
potential, we examined sevcral feedtkroughs for voltage holding, voltage standing-wave 
ratio (VSWR), and impedance characteristics. Suitable iriliornogeneous Dirichkt, scalar 
boundary conditions were imposed for the potentials for the calculation of the electrostatic 
fields. The inhomogeneous vector N a i n a n n  boundary conditions on thc surface of the 
dielectric \ w e  dispatched by use of a conformal mapping. 

Several feedthroughs wcrc examined: old PLT designs, designs for TEXTOM, and 
scveral ORNL, debigfis that have bccn built and tested. Some of these feedthrough config- 
urations have bee;? opiimixd to provide constant 50-91 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 inust eliminate corona points, as described in 
ref. 15. It is also desirable to reduce thc VSWR as much as passible. We solved Laplace's 
equation, including boundary conditions for dielectrics, for geometries of intcrcst to deter- 
mine field stress points. Also solved were differential circuit equations, from which 
impedances and VSWR arc, obtained. Some of the feedthrough of ref. 15 \v,vere considered 
in this light, as were the old TEXTOR d c ~ i g n ' ~  and more iecent dcsigns in which .the 
VSWR has bcen minimized. 

Nine feedthrough configurations were examined; geometries are shown in Fig. 6.16. 
The locations of the dielectrics are also shown. Equipotentials for all nine cases are shown 
in Fig. 6.17. impedance as a function of length is shown in Fig. 6.18 for cases 2-6A. Fig- 
lire 5.19 shows the VSWR for cases 2-6A. 

Cases 1 and 2 were used on PL?' and are described in ref. I S .  Case 3 was used in 
TEXTOR at .Tiilich.l6 Cases 4-6 are new ORNL de~igns. The principal rcsalt i s  embodied 
in Fig. 6.19. The lower the VSWR, the fcwer the voltage breakdowx that will occur in 
these feedthroughs. Thus; it is debirablc to reduce the VSWR valuc to as close to unity as 
possible. The VSWRs of cases 4A, 5h, and G A  have been reduced by over an order of 
magni tde from the reference case 2 described in ref. I S .  In addition, cases 4 6A all 
cmploy cylinder ceramic insulators that are available off the shelf. Cases 2-6A also avoid 
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corona points, which are shown in  Fig. 6 17 for case 1. Therefore, geometries like those of 
cases 4A-6A are rccommended for the most trouble-free feedthroughs for high-power 

H launchin1g structures. 

J. H. Whealton, W .  9. Raridon, M. A. Bell, D. II .  Wooten, R. W-. MeGaffey, 
D. .I. IWtinan, S .  Y. 01mr,* and W. R. Becraft 

In a ~aeuurn  the three-dimensional (3- 1 equations dmcribing the electromagnetic 
fields of an ICRI-I launcher structure can be vector linear homogeneous Helmholtz equa- 
tions for the electric or magnetic fields. These solutions are constrained hy D * E 0. If 
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the boundary surfaces are normal or parallel to the coordinate surfaces, the bouiidaiy con- 
ditions are homogeneouq I9irichlet or Neumann conditions for ideal rnetallic coniductor 
boundaries. For boundaries not suitably arranged with respect to thc coordinate system, 
the Neumann boundary conditions are linear inhomogeneow. For driven dcvices where 
wall currents are imposed, the Dirichlet bomdar y coiiditiolis are also lincar inhornogem- 

We solve these equations by a straightforward iteration technique that finds the correct 
eigenvalue and eigenfunction simultaneously. '1 he coefficients of the differertcc cqua:ions 
are written out of core. The inhomogenous Neumnna boundary conditions are iterated 
until convergence occurs. 

ous. 
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Fig. 6.21. ~ l Q w - w a ~ ~  launc 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 the current strap. 

6.3.4 The OWNL RF Test Facility 

H. C. McCurdy, W. L. Gardner, F. K. Booth,* 6. F. Bowles,? R. A. Brown, J. L. Burke,? 
P. B. Burn,* E. J. Byrnes,? D. T3. Campbell,* R. I,. Livesey, J. B. Mankin,** 
T. J. McManamy, J. A. Moelles, J. A. Moore, K. W. Prince, L. A. Ray,* 
P. M. Ryan, J. P. Schubert,* C. K. Thornas,+ R. A. Weaver,++ E. R. Wells,? 
J. A. White,*T. L. White, and R. 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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Fig. 6.22. Stntctare similar to that in Fig. 6.19, with a Faraday 
shield added to protect the antenna from the plasma. 

The a r e  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. 2.2), 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 source. 

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 DIII-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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operating status by installing water-coo!cd panels (being yreparcd under a related pro- 
gram), it will test rf components and systems to 1-MW cw power levels in the frequency 
range of 4&80 MHz. 

6.3.4.2 Status 

During the first part of 1984, approval to proceed with fabrication and construction 
was withheld pending rcvicw of the, conceptual design by potential users. As a result of this 
review, the test chamber was enlarged to i t s  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 Department of Energy (DOE). 

At-n engineering rwiew 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 sound and consistent with the project criteria. At the end of the report period, 
the design was approximately 9070 complete. 
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Major procurement and fabrication are about 75% complete. The vacuum vessel was 
fabricated by V- I 2 shops and delivered on schedule; the helium refrigerator/liquefier i s  
reported by the supplier to be complete and r e d y  for testing in January 1985. Testing of 
the magnets has been completed (Sect. 2.21, and the magnets are on site and ready for 
installation. 

Construction and iristallation of equipment is about 20% complete. Rush Engineering 
cornpleted construction of the facility enclosure and equipment platform and began instal- 
ling utilities. Figures 6.24 and 6.25 show the vacuum vessel and the facility enclosure at 
the end of the report period. 

*Engineering I~ivision, Marl in Marietta Energy Systems, Enc. 
Management Services Section. 
Quality tyssurance and Inspection Division 

ttl-'urchasmg Division, Martin Marietta Energy Systems, Inc. 

f *  
Computing and Telecoinriiunications Division, Martin Marietta Energy Systems, [nc. 

The contracts with Hughes blectron Dynamics Division and Varian Associates for the 
development of 60-GWz gyrotrons were completed during 1984. Both programs have 
resulted in tubes that have been sent to plasma physics experiments. 

The Varian cw program has resulted in an impressive performance. One tube produced 
200 kW with 95% of the output in the TED2 mode. This power was produced in a cw test 
for a period of  2 11. 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 be 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 foi- a 5% overshoot at the beginning of the pulse. The contract 
reached an cnd 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 GHz. Those bidding were Hughes, Litton, Raytheon, and 
Varian. These bids were evaluated, but no 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 GWL. This contract is expected to take 32 months and to result in a source that will 
produce 200 kW cw with two 100-kW tubes. The design of the first tube in the develop- 
anent chain was completed in 1984. 

Varian received the rnodulator/regulator equipment from UVC 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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Fig. 6.24. RFI'F v8cppm vessel md myprCt wlpporclr io p k e  b eaelwllre. View shows a&- 
ary cooling lines and instrumentation on west side of vessel. 
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The window development activities resulted in data showing the importance of slow 
crack growth in alumina and bm-yllia. The relation between the applied stress and the 
growth rate for crack propagation was determined. T ~ G  growth rate was shown to increase 
in the presence of moisture, as a result of the chemid activity. 

Measuremenb of microwave absorption by candidate materials for gyrotron windows 
have led to the selection of sapphire as the best choice for the 14O-GHz gyrotron. The 
most recent samplcs have shown absorption rou@y one-fourth that of alumha, the next 
best candidate. Althouj$ the sapphire is not as tough as the alumina, the lower absorption 
results in less heating, less thermal stress, and a greater margin of safety. 



6-36 

REFERENCES 

1. 

2 

M. M. Menois et a1 , “A Quasi-Steady-State Multi-Megawatt Ion Source for Neu- 
tral Ueaix Injcction,” Rev. Sci. Inslnarn., acceptcd for publication (1985). 

W. K. Dagenhart and W. I,, Stirling, ”Intense Lio Beam Production with an 
ORNL SITEX I,i- Source,” presented at the Annual Mecting of ihe Division of Piasma 
Physics, Ameiic3~1 Physical Socicty, ~ O s t O I i ,  a c t .  29-Nw. 2, 1984. 

3. 
4. M. A. Bcll ct al , “ N w  Accelerator Ocsigns for Posilivc snd Negdivc Ions,” 

prexrrted a t  the Annual Mccting of thc Divirioii of Plasma Physics, American Physical 
Society, Boston, Oct. 29 Noii. 2, 1984. 

5.  J. 11. Whealton, “Ion Extraction and Optics Arithmctie,” Nucl. Instrurxz. Methods 
18, 5 5  (1981). 

6. J. PI. Whea:;on, ’*Exped;iioi~s Vlasov Yclvc: for Computation of Ion Extraction 
from a Plasma,” J Conipi4t. Phys. 4Q, 491 (1981). 

7. 
8. 
IT. 

10. 

W. K.  r9agenhart et a1 ~ Nucl. ~ e c ~ ~ n s l . ~ l ; ~ ~ , ~ i o i z  4(2>, 1430 (1983). 

J 3. Whealton, Bull. Aw Phys. SOC. 27, I I36 (1983). 
M. ,4. Bell et al., h l l .  Am Yhys. Sor. 28, 1200 (1983). 
S. Sefigerkil et a1 “L31nprovement of Beam IIerated i h i t a r  Discharges by Continu- 

ous Pellet Finding in fiouhlet-I11,” Nucl. F I I S ~ O O ~ ~ ,  accepted for publication ( 1985). 
““Pellet ILwling X;.xperilnerits in Alcator-C,” in Proseedings 

of th? lo th  In t e rna f imd  (orifete;;re on Plasma Physics and Controlfed Nincdear Fuiisn 
Research (LoPudm 1984), Int Atomic Eiieigy Agerrcy, Vienna, in press. 

11. C. A. F G S ~ P  et al ”Rcsiilts of Continanox Pellet Fueling Experiments on 
Eoiiblet-111,” Sit// A ~ L .  Yiiys. Soc. 29, 1321 (1984). 

12. D. D. Schureskn, “Peellet Irnjection into NBI-Ileated and Ohmic Discharges,” 
unpublished data. kcb, 1, 1984. 

13. D. D. Schirresko, “ P e k t  Iirjectioni Results from lSX-B2,’ presented at the 
Worksftop on the Phjsics of Pellet Fiieling. Ealtimoic, July 22-23, 1984. 

14. S. L. Milora et al., “Results of 3ydrcige;l Pellet Iiijection into ISX-W,” Nurl. 
Furiofi 20, 1491 (1980). 

15. D. Q. Hwang, G. Grotz, a d  J. C. Moses, J .  Vcc Sci. Technol 20, 1273 (1982). 
15. R. W. Weynanis, personal coriirnrxnication with the authors. 

M. Greenwald t-,i a1 



Cha 7 

7-1  



P. N .  Maubenreich, Large Coil Program Manager 
M. S. Lubell, Magnetics and Superconductivity Section Head 

J. K. Ballou 
I, R. Baylor' 
R. I>. Bermson' 
K. ha. Hohanan 
C .  Bridgman' 
R. L. B I O W l l  

J. A. C h a r d 2  
I .  Dresner 

J. F .  Ellis 
D. r. kehling 
W. A. Fieti 
C. M. Fitzpatrick 
W. M. Fletcher' 
G. M. Friesiiiger3 
W. W. Gray 
E. E. Halstead' 
D. W. Hatfield' 
K. 11, Hendren 

3. c. dug gins^ 

D. L. James 
T. Kato4 
W. J. Kenney 
K. K. Kibbe 
J.  0. Kiggans 
K. K ~ i ~ u n n i ~  
L. K. Layman' 
J. W. I,ue 
J. N. Luton, Jr. 
J. R. May 
T. J. McMarmamy' 
11. E. Miller' 
J. F. Monday' 
J. N. Money 
M. F. Nishi4 
T. C. Patrick 
L. Rieste: 
J. P. Rudd 

Y. Sanada4 
T. 1" Ryan1 

s. w .  f3ChWerPtGrly 
I,. s scrtaggss 

R. E stamps 

S. S. Skeri 
3. c. Smith 

R. Takahash? 
L). J. Taylor1 
s F. V a u g h d  
C. A. Wallace 
P. L. Walstrom 
C. I .  Wilson' 
I, V. Wilson' 
R. k. W mtenbcrg6 
K. J. Wood' 
W. L. Wright' 
K. Yoshida4 
G. R. Zahn3 

J. A. Lichy7 
K. L. ~ ~ 1 1 5  

1. 
2. Engineering Technology Division. 
3. 
4. 
5 .  Prograrn/section secretary-. 
6. Instrumentation and Controls Division. 
7. 

Engineering Division, Martin Marietta Energy Systems, Inc. 

Assigncc from Kernforschungszentrum Karlsinhe, Federal Republic of Germany. 
Assignee from Japan Atomic Energy Research Institute, Ibaraki, Japan. 

Assignee froin Swiss Institute for Nuclear Research, Villigcn, Switzerland. 

7-2 



SUMMARY OF ACTIVITIES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-5 
7.1 INTROL3UCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-5 
7.2 LARGE COIL TASK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-6 

7.2.1 Test Coils.,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ‘7-6 
‘7.2.2 Program Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-7 
7.2.3 Facility Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-8 
7.2.4 Coil Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ‘7-9 
7.2.5 Installation and Modifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-10 

7.2.6.1 Tests of Westinghouse conductor . . . . . . . . . . . . . . . . . . . . . . . .  7-11 
7.2.6 LCP Research and Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-11 

7.2.6.2 High-voltage, low-energy test of GE coil . . . . . . . . . . . . . . . . . .  7-12 
7.2.6.3 Improvement of GD/C sensor lcad protection . . . . . . . . . . . . .  7-12 
7.2.6.4 Vapor-cooled lead test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-13 

7-13 
~ ~ ~ ~ ~ ~ ~ ~ ~ M ~ N ~  . . . . . . . . . . . . . . . . . . . . . . .  7-13 
nduit Superconductors Cooled 

by He-II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  7 - 1 3  
7.3.2 Summary of “Superconductor Stability, 1983: A eview” . . . . . . . . . . .  7- I 4  
7.3.3 Abstract of “Quench Energies of Potted Magnets” . . . . . . . . . . . . . . . . .  7-14 

reakdown location by acoustic emission . . . . . . . . . . . . . . . . .  

7.3.4 Protection of Helium-Level Probes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-14 
7.3.5 Laboratory Facility Magnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-15 

7.4 MAGNET TECHNOLOGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7- IS 
7.4.1 EHT-P Magnet Development Program . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-15 

7.4.1.1 First lwo-coil test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-15 
7.4.1.2 Second two-coil test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-16 

7.4.2 ATF Helical Field Coil Joint Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-16 
7.4.3 Computer Graphics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-17 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-19 

7-3 





Major strides were made in the ~ ~ ~ ~ ~ e ~ ~ ~ ~ t a t i o ~  of the international Large Coil Task 
(LGT) during 1984. Three of the six test coils were delivered, facility shakedown was 

, and preliminary operational tests were performed on three coils. 
'I'he Swiss coil was delivered in February, the Europeari Atomic Energy Commission 

ATOM) coil in Novemlier, and the General Electric Company coil in November 
(after extensive modifications and completion by $hops at Oak Ridge Gaseous Diffusion 
Plant). Meanwhile, Westinghouse Electric Corpara!iora finished installing conductor in 
their coil and made substantial progress on the final assembly tasks. 

'The first period of shakedown operation, with the Japanese anti General 
Dynarnics/Convair (GD/C') coils in place, ended when leaks developed in the CD/G coil. 
While the leaks (in urethane injection tubes) were being repaired, the Swiss coil was set in 
the test stand arid its helium and instruinentalion were connected. Operation resumed in  
June and continued into September, iricluding 59 days at temperatures below 80 K, 
without any new leaks iii any coil or any major ~ r e a ~ ~ ( ~ w ~  of equipment. Operation 
showed that in only onc important area the liquid helium system- --were substantial 
improvements required. Despite the deficiencies in the helium system, which must be 
remedied before six-coil tests bsgin, a satisfactory availabilily factor was achieved, and 
performaace met the nceds of the partial-array test. Indicated needs for other repairs, 
adjustments, and ~ ~ ~ f ~ c ~ t ~ o I i s  of the facility systems were relatively minor. 

Xn the coil tests, the Japanese and GD/C coils were each operated up to full design 
current (143,2 kA) with the other coil serving as an adjacent background coil at 40% of full 
current. Cryostatic stability was demonstrated by spontaneous recovery after half-turns 
( 5  m) of anductor were driven normal by embedded hearers. The forced-flow cooling of 
the Swiss cvnductor and coil case worked welt, enahling good control of temperatures dur- 
ing cooiduwn and warmup, None of the coils developed heiiuin leaks during the tests. 

Numerous research and development tasks were accomplished in 1984 in support of the 
LCT, including v ~ r ~ f l ~ a t ~ ~ n  tests of some elements nf the ~ e s t i ~ g h ~ u ~ ~  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, 

For more than a decade the ORNL Fusion Energy Division 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 I Task (LCT). The International Fusion 
Superconducting Magnet Test Facility (IFS (previously called the Large Coil Test 
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Facility) at  Oak Ridge is the focal point for the collaboration by the United States, thc 
Europeaia Atomic kixrgy Commission (EURATOM), Japan, and Switzerland in the LCT 
under terms of an International Energy Agency agreement. In the IFSM’I’F, six different 
toroidal field (TF) coils will be opcrnted as a toroidal magnet system, with each coil tested 
in turn to determine its capabilities. The United States is providing the facility and thrct: 
of the test coils; the other participants, one coil each. On behalf of the lJnited States, 
OWNL acts as the opcrating agent for the LCT. The facility is operated by qualified 
members of the division staff. On-site representatives of all LCT participants work 
together in planning and carrying out the coil tests. 

In previous years, facility construction was completed and the coils from Japan and 
from Genera 1 Dynamics/Convair (GD/C) were installed. Shakedown operation of the 
facility with the two coils in  place had just begian at the end of 1983. 

Research and dcvdopment (RC3rD) activities in direct support of the L O ,  carried 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. 

In addition to the LCT, work at OKN L contirrued to advance superconducting magnet 
technology in areas specific to fusion applications by developing better analysis techniques, 
” generating basic design information, and svaluating small quantities of experimental con- 
ductor embodying advanced concepts. 

Other magnet technology activities have included participation in the fabrication and 
testing of development coils for the ELMO Bumpy Torus Proof-of-Principle (EBT-P) Proj- 
ect and development of joints for the Advanced Toroidal Facility (ATF) coils. 

9.2 LARGE COIL TASK 

Three of the six LCT test coils were delivcred to the IFSMTF during 1984. The Swiss 
coil, constructed by Brown Boveri, was delivered in February and placed in the test stand 
in March. The EURATOM coil, after being tested alone at currents up to 10 kA at 
Karlsruhe, Federal Republic 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 designed and partially completed by the General Electric Company (GE), 
Schenectady, N.Y. Work on this coil at @E was stopped in 1982, when design deficiencies 
became evident and manufacturing efforts were hampered by organizational problems at  
Schencctady. The Department of Energy (DOE) and OMNL put the 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 high-quality fabrication. This work began in the shops at  the 
Oak Ridge Gaseous Diffusion Plant (ORGDP) in 1983, and the foreseen boltirig 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 problems at  
ORGDP was completed late in November 1984. 



During the first nine nionths of 1984, ~ ~ ~ s t i ~ ~ ~ l i o u ~ e  Electric Corporation (Westing- 
house), using two  win^^^^ Bincs and an extended work schedule, finished installing conduc- 
tor and serasors in tine grooved aluminum plates of the third 1J.S. coil. As each of the 24 
plates was wound, another was placed on top of it, the conductors connected, and the new 
plate woiind with jnsulatcd conductor. Electrical tests at each step verified the voltage 
withstand capability. Hn this manner two cod 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 ta5k entailed drilling out the 526 holes to provide snug fits 
for the high-strength bolts. 

7.2.2 Program ~~~~~e~~~~ 

Program management in 1984 successfully dealt with a wide variety of tasks. Develop- 
ments in the Westinghouse  nil project called for management actions affecting both busi- 
ness and technical aspects of the project. Program costs were a major concern, espccially 
because o f  the substanlial, unanticipated effort required to re 
Because of major pestui bdtions ira the planned test program, 
with associated equipment, arid the assignment of numerous on-site rcpresentatives, 
international ~ o ~ ~ ~ ~ o r ~ t ~ o ~  in the LCT was again put to the test. As before, the interna- 
tional organization proved effective in working out mutually acceptable s o ~ ~ ~ t ~ o n $  fa prob- 
lerns. 

Coordination of coil installation, facility modifications, operations, and coil testing con- 
tinued throughout the year. Costs and benefi of numerous proposals for modifications or 
additions to the facility were evaluated and cisions reached. The pulse coil system and 
the helium refrigeration system received especially intensive evaluations. 

Interaction with Westinghouse management resulted in an agreement to share 
substantially reducing the ultimate cost to the government. Technical monitoring of 
inghouse work continued as required throughout the year. Westinghouse proposals for revi- 
sion of schedules and cost estimates were scrutinized in detail, and acceptable agreements 
were: reached. 

When leaks interrupted facility shakedown in January 1984, program management con- 
ferred with advisors, then met with IXT project officers in a special meeting in February 
to consider alternative proposals for testing with one, two, or three coils. Afterward, 
QRNL worked out detailed schedules with on-site representatives and submitted a proposal 
to the LCT Executive ommiltee. Plans for partial-array tests were developed, and ap- 
proval was secured in  e semiannual LCT meetings at Oak Ridge in May. A steering 
committee including both 0 NL and foreign participants met weekly throughout the ycar. 

Program nianagement dealt with duty-free import of the Swiss coil and special equip- 
ment and with the assignments 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. In response to a request from the Massachusetts 
Institute of Technology (MI?’) fusion laboratory for surplus unreacted Westing- 
house/Airco conductor, LCP management released this material as soon as warranted by 
winding progress at Westinghouse. OKNL worked with Oxford Airco to obtain required 
documentation and archival samples and to store other government property. 



7-8 

In  responsc io a rcqGest by the DOE Office of Tinsion Ermcrgj. (COE-@E), LCT 
experience was reviewed. '4 report oil lessons lcarned that would he of benefit to the fusion 
program was cornpleted, approved hy OR WL managciiiient, and submitted to DOE. Uscfiil 
information dcrived from tlic cxperience with U.S. coils and ;he test facility was dissern- 
inated to U.S. fusion program planners and magnet deqigners through quarterly rcpoits 
and technical papcrs. 

Program rnanagemcnt maintained closest contact with the work at  ORGIIP on the GE 
coil, arranging for specialiml support an3 pmviding guidance on technical and schcdule 
matters. 

At the October rnectirsgs of thP CC I' pioject officers a d  excclntivz committee, tlie 
result$ of activities at the IFSMT14 were asse.cscd and agreeincnis wtre reached on $ans 
for installation of the remaining coils and equipment Arrangements wc;c made for the 
reccipt of the EURA I OM coil arid special equipmefit, the assigm-mt of Kernfoischiings- 
7entrun-I Marlsruhc (KfK) staff mcmtsers to participate in its installation, and ai l  appropri- 
ate ccremony rhdi kiiig its arrival. 

7.2.3 Facility Op@mHorn 

h major step in  thc intcrnatiorial program was accomplished in 11984, when the 
IbSMTF was operatcd for a s ~ b ~ t a i i t i a l  period of timc, with acceptable availability, pro- 
viding all scrJices necessaiy for iestizg an array of three coils from Japan, Switzerland, 
and the United States. This took placc froin rnid-Jme through Scpkm'oer. 

At thc first of the year, integated operation of all facility systems had just bcgian. 1-k 
rcfrigerator was put irito operation and cooldown of thc test staad bcgail in thc first half of 
January. When the teriiperatiire reached 170 K, helium began to lcak excessively from the 
GD/C coil. The test stand was warmed hack up and thc v x u u m  t a l k  was opened to hunt 
the leaks, concluding this period of operation. 

'after repair and reinstallation of thc GO/C coil and (partial) installatiw of the Swiss 
coil (described ia Sect. 7 - 2 5 ) ,  the vaciuum tank was closed in mid-June., Startup operatisins 
were interrupted by a heiiunl lcak at a 1x:lloavs joint in a wpcorrdircting bus jacket !'he 
tank was opened? repairs made, aad the tank evacuated again by thz end of Juni;, 

Cooldowi? by circulatiorr of heliunl gas cooled with liquid nitrogen k g a n  011 Jiily 3 .  
With the conservative linits on allowabic, temperature differences sp_t by the resting arid 
ihnalysis Group, the rate W A S  limitcd to about 20 K per day, but control was quite good. 
When the temperature reached about 100 K, cooldown was intcrrupted to liquefy the 
amount of helium required for operztion and then continued with the refrigcrdtor opcrat- 
in& to prodiice low-tempsratimie he'llum gas. Superconductivity was observed in d l  threc 
coils 011 July 2 3 ,  and by July 26 all coils had been filled with liquid and were fully supei- 
conducting. Escalation of coil currents was delayed t w ~  weeks when air leaked into thc 
vacuum jacket on the hdi i rm storage dewar, resdting in the loss of some lieRiuri and the 
need to dry the jackct, repair the vacuum system, and rdiquefy helium. In an intensive 
period of operation between August 13 and September 3 ,  all plznned coil tests were satis- 
factorily completed. 

After the electrical tests, thc helium system was operated in a sirnuhtion of forccd-flow 
coil tests The bath in the auxiliary cold box waS operated at 0.5-atm pressure to reduce 
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Kecovcry tests dc6gned to explore the inherefit stability designed into the GD/C and 
Japaiaese coils wcie successfully condircted and analyzed 33th coils recovered from a con- 
dition of a half-turn driven no-anal while operating at 10.2 k 4  and fields up to 6.4 T. 

The p a r t i a h x a y  t a t s  provcd the smniquc pickup coil ccnipensatiori scheme developed at 
ORNL for multicoil operation, which makes it. possible to distinguish small resistivc volt- 
ages indicative of normal zoncs from the larger indsnctive voltages encountered. 

On-site ieprcsentatives of all ICT participants activcly engaged in testing and arialysis 
activities. ?he woik is documented in a paper presented at the Applied Superconductivity 
Conference only two w e k s  after the conclusion of the tests.' 

Dnring a total. of seven months in 1984, the principal activities at  the IFSMTF were 
installation of coils and equipment, repairs, and modifications. 

Immediately after the V ~ C I ~ I S I W R  tank was opened on January 26, leaks were found at  
tubes that had bcen welded shut by GD/C after polyurethane was injected through them 
between the winding pack and coil case. Since some of the leaks were in the coil face 
against the bucking post, the coil I d  to be c~mplctely discnnnected and removed from the 
test btand for repairs. 1nspec:ion showed that nrethane vapors haid contaminated closure 
wcld<~ leading to subsequent crackiirg and leakage, All port welds were cut out, urethane 
was removed, and new pliags \dc~erc we!dcd in place. After sensitive helium leak tests, covcr 
plates (or additional weld metal) weye applied to further reduce the risk of leakage. Tests 
of all sensor lead feedthroughs and thin-section we!& on the GD/C coil detected no leaks. 

Because of previous experience with damagc l o  sensor lead insulation during work 
insee the tank,  steps were taken while the coil was out to improve the elcciri~al iiisulation 
and protection of all 120 cables from S C ~ S O T S  inside the coil that might see high voltage 
chiring a dunap. Teflon tubing was shrunk onto each cable, and bundles of cables were 
sheathed in larger tubing Tests showed no breakdown i11 the leads after this treatment. 

Meanwhile, the Swiss cod 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 s t a d  on March 22 and its installation 
began, 

Repairs on the GU/C coil WCK 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. 

Illdium leakage detected inside thc tank dinring start-up was traced to a welded joint 
betwecn bellows and pipe sections of the lnelium jacket on a superconducting hus. 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 cooldown, with coils and 
lead dewars filled, showed incipient breakdown in the GD/C system at $00 V, while the 
Japanese coil pawed 1500 V. tan acceptable operating margin for dumps up to 413% 
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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 werc preparing for i ~ s t ~ l ~ ~ t ~ ~ ~  
of the pulse coil system and the other test coils. By October 15, all temperatures were 
above the dewpoint of the air, and the tank lid was removed. Access equipnacrt 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 the track was instailed (through the bores of the three 
test coils already in place). Then the coil/torque beam assembly was set in place on 
December 1 1. 

As expected, the shakedown operation of the facility showed a need for numerous 
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 refrigerator/liquefier and distribution/storage system would have to he upgraded. 
Plans for upgrading the helium system were worked out with consultants and LCT foreign 
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 i t to be in excellent condition. Preparation for installation 
began immediately, with participation of several K K  staff members. On December 13 the 
coil was the center of a ceremony involving high-ranking DOE, German, and EURATOM 
officials. It was then set into the test stand on December 17. 

The GE coil was delivered from the ORGDP shops on December 20. The coil was 
cleaned and inspected, and installation of external instrumentation began. 

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 Nb3Sn conductor was performed 
to check the use of conductor with known manufacturing or handling flaws. The conductor 
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 Lhese points are much 
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 rand 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 samples of full-scale LCP conductor and o resistance-welded joints were tcsted 
in a split solenoid capable of up to 8 T over a conductor length of 15 cm. The available 
current supply could provide 24 kA to two samples connected in series wit5 a joint at the 
lower end i;: a low-field region. ’Ihc samples included sections of the trailsition between 
swaged end and cable, good-quality conductor, and some heavily sintered conductors. All 
were bent around various diamctcn, then straighteced for testing. Since 24 kA at 8 T was 
less than the critical current of the good conductors, a quantitative determination of degra- 
dation duc to these various factors could not be made. IIowevcr, on;y two samples of  the 
eight tested showed &gradation to about 21 24 kA at 7.6 T, which gives confidence that 
the conductor performance should not be lliinited by the varioiic bending operations in the 
coil, if the conductor is handled carefdiy. The resistance-welded joints showed a resistance 
of f2 at 20 kA and 3 T, a satisfactory valuc for the LC? coils. 

7.2.6.2 P~ig$-Vdb$!$, b W - W E Q Y  &‘St O f  GE C 6 1  

Shorts or breakdowns between S ~ ~ S Q F  leads and from leads to conductor or coil case 
were encountered during assembly of the CE coil. Concerns about possible damagc during 
a dump from high-current operation called for a method of testing a coil with high voltage 
from terminal to terminal but with negligible risk of dsmagc. Such a method was devised 
and applied to the GE coil at  ORGDP. The coil was charged to very low currents (in the 
milliainpere range), the circuit was opened sudde:iiy with an electronic switch, and thc coil 
was allowed to “ring downn at  its natural frequeocy while the ter~iaal-to-aerminal voltage 
and wave shape were monitored with a real-time oscilloscope. This demonstrated linearity 
at  low voltages. The low-current data were extrapolated to require a 1-A charging current 
to produce the desired 1-kV terminal voltage, The total stored energy corresponding to 1 A 
is 1 J, an amount previously shown to be too small to thermally enlarge preexisting defects 
even if the total energy were available for deposition at the supposed fault. For the full 
test, we increased the charging current in small increments, beginning at 1 mA and endkg 
at 1075 rnA when the peak terminal-to-terminal voltage iesched the desired 1000 V. 

Because of experience with physical damage to lead insulation and undesirably low 
breakdown voltages in the GD/C coil electrical system, a procedure for improvements waq 
devcloped in the laboratory and applied while the GD/C coil was out of the tank for repair 
of seal welds on the polyurethane ports. The upgrade consisted of sleeving individual cables 
with heat-shrinkable Teflon tubing, separating the cables into 38 bundles, inserting each 
bundle inside a 0.75-in. Teflon semirigid conduit with 0.048-in.-thick walls, casting new 
Bluc Stycast 2850 FT potting 011 the coil connector potting to extend over the ends of the 
heat-shrunk Teflon-sleeved cables, and hcat shrinking largcr polyolefin tubing over the 
transition length between coil coiuiector and 0.75-in. Teflon conduit. 

High potential voltage (hi-pot) tests were performed on the cable bundles bcfore the 
polyolefin tubing was put in place. The coil connectors were bagged, and helium was intro- 
duced into the bag and flowed out of the free: end of the 64.75-11;. conduits. Calibrated 
spark gags were used to ensure the purity of the exiting helium. tlectaic potentials of up to 
8.5 kV dc were applied to a barc copper wire that ran the whulc length of the mblc bundle 
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inside the conduit and wrapped around the connector Stycast potting. The shield \vires of 
the cables and all otlner gmundcd parts were the negative electrode. ‘There were 35 bundles 
of cables and 21 coil connectors; defects involving 8 connectors or their associated bundles 

tubing, b u t  there were some defects n the connector potting, some broken wires, and one 
were ~~o~~~~ and repaired. os% of the defects were pinhs%es or cuts in the Teflon shrink 

cracked potting. Alter the repairs, 1 1 bundles passed the 8.5-kV test in helium at atmo- 
spheric pressure. 

To contribute to tire understan ing o f  pesSorar1ance ohse ed during the partial-array 
cspcration of the IrShlTF, a hent*Boad test of one vapor-cool lead (VCE) was ~ e r ~ ~ ~ ~ ~ ~ d  
in a facility lead dewar, Jilelianrn boihff rate as a function VCT, flow was nieasur 
Othcr tcst variables ~ n ~ ~ ~ ~ ~ e ~  hesting or not heating oil the top of the lead and dewar 
shield tracing with and without liquid nitrogen coding. The observed strong dependence 019 

VGL flow was similar to the trend of data taken during the partial-array coil tests. Little 
diffcrencc was seen within the range of other variables used. The results are consistent 
with the 1982 lead tests by Miller and h e 2  arid showed a standby loss of about 24 l , /h 
with all of the b0ibt-f gas flowing through the VCE. 

y acoustic emission 

ipnient and procediares were ~ ~ ~ e ~ o ~ d  for using acoustic emission to determine the 
of electric ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ n .  ('The general technique was applied previously in Japan.) 

with the 6 D / C  coil. Even after the protection of the sensor 

to be the most 
is hypothesis. it  

s ~ ~ ~ ~ ~ c ~ ~ ~ t  acoustic emission accompanied the breakdown, so tech- 

$(or  sur^^^^^^ (usiaag existing equipment) and analysis. Tests by 
owed that ~ r ~ a ~ ~ Q w n  was cxcurring in or near two adjacent 

The rcquirement origina 

breakdown voltages. Certain ~ e ~ d % ~ r ~ ~ ~ ~ s  in the coil case were thoug 
likely locations, but there was PO way to subdivide electrically to verify 
was determined 
niques were deve 

leads was upgradcd, hi tests of the coil electrical system showed anomalously low 

the side of the G 

8.8, ana explanation was sought for some observations made by J. @. Lottin 
iller,3 who measured the sfability margin of cable-in-conduit superconductors 

cooled by superflund I e-IT. They found that below the limiting current the stability margin 
WaS nearly the same s when the ~ o n ~ ~ ~ t ~ r  was cooled by He-I, but beyond the limiting 

rent, until the tsarasport current reached a certain cut~ff  current, the stability margin of 
-81 was much larger than that rsf He-I. Calculations were performed that attempted to 

explain these experimental results by showing that the cutoff current is determined 
Kapi t~a  interfacial resistance; htswever, the required Kapitza resistance was much larger 
than directly ~e~~~~~~ values. A program note was: written to describe this phase of the 
work. 
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Later in 1984, a rapid, semiempirical method was developed for calculating the stabil- 
ity margins of superconductors coolcd with s:ihcooled Ile-11. The method, based on a 
madt:.k of Seyfert et was compared with the beat transfer data of ref, 4, the stability 
data of M e ~ i r i s , ~  and thc stability data of Lottin and Miller.3 The calculations are con- 
sistent with the data of Scyferir et al. and Meuris but disagree with the data of Lottin and 
Miller. ,4ccording to Miller,6 the disagreement can bc explained by a failure of complete 
current sharing in the exprrriment of Lottiii and Miller. This failure of current sharing also 
explains the cutoff current of ref. 3, eliminating the necd for any other explanation. (This 
second phase of the work was performed by L. Dresner whale he was on assignment at the 
Applicd Super conductivity Center of the University of Wisconsin, Madison.) 

7.32 

L. Dresrier 

S~rnm~~s,sy o f  ~~~~~~~~~~~~~~r Stability, 1983 A Reviewn7 

This review papex, developed from an invited paper at the 1983 Internaiiond Cryogenic 
Engineering Confercncc, brings together in one article concepts and methods, many of 
them original io the author and his colleagues, of using the various low-temperature phases 
of helium to stabiliee superconductors. Special emphasis has been placed on three topics: 
internally cooled superconductors, cooling by superfluid helium, and metastable magnets 

Thc quench eilcrgy of petted magnets has been studied for &WQ extreme models of the 
winding: ( 1 ) treating it as an ansiotropic three-dimensioanal continuurn and (2)  ignoring 
heat conduction in the epoxy and trcating it as a one-dimensional continuum. For each 
model, we have obtained a formula for the point-source quench energy, complete up to a 
single undetermined constant, by applying a combination of dimensional and group- 
theoretic arguments to the heat balance equatior,. The undetermined constant has been 
estimated by solvii~g thc heat balance equation approximately. Correction factors are given 
for taking into account the source's being distributed in space and time. The formulas are 
compared with available experimental data; agreement i s  fair. 

Superconducting liquid-helium-level probes 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 mechanism of failure is for the superconductirng 
wire to burn in two, stopping current flow in the heater, which is in series with the NbTi 
element. I f  the increase in the resistance of the superconducting NbTi element above room 
temperature is large enough, it should be possible to add to the existing level readout elec- 
tronics an additional comparator and a current shutoff relay that would sense overheating 
of a probe and automatically switch off the current. The current could then be turiied on 
again with a push button when desired. With these considerations in mind, the resistance 
of a length of bare NbTi wire of the type used in American Magnetics level probes was 
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measured over the iaiterval from 24" C. The resistance iacneased linearly with 
temperature over the interval and at sined a value 8.45% grcater than that at 

superconducting level grobz and thereby protecting it 4'rom  at^^^ and burning up in 
a vacuum. 

24°C. This resistance c ange is large ~ ~ o ~ g h  to trigger active circuitry for switching off a 

'7.3.5 ~ , ~ b ~ r a ~ o ~ y  ~ ~ c ~ ~ ~ t ~  ~~~~~~~ 

For inore effieient operation of the Coil inding Test ~ ~ ~ r i ~ ~ ~ n t  (C  
(an 8-T, 40-cm-bore magnet with a 12-T, 22-cm-bore insert), a new cxyoge 
tenr was purchased and delivered in October 1984. The system, which has ax4 inside diame- 
ter of 1 rn and is 1.8 in high, was manufactured by Cryofab ~ o ~ ~ ~ ~ ~ .  It also ineludes the 
stainless steel structural support for the ICWTX magnets a 
insert sample coil testing. This system, cornbilled with our 
refrigerator, will provide a complete facility for testirig large 
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 rpaeqpaet, 

7.4 MAGNET ?'E LOGY 

In reporting the work accearnplislad in 1984, we also discuss those a s p t s  of magniet 
technology work performed for others. It seems corisistent to report all of our magnet tech- 
nology development in one place, even though much of it is funded by other projects. 

7.4.1.1 First ~ w ~ - ~ ~ ~ ~  test 

The two-cQil test Of  evcaoga1err t coils 1 and D2 was s ~ ~ ~ c e s ~ ~ ~ ~ i ~  corn- 
rated side by side with their centers 60 cm apart and were pleted. Tl1e two coils wer 

charged in series to 1280 A three times, At A, the magnets p ecd the mnxiatliunl 
design out-of-plane mechanical load of 73,OO 
current was the same as that planne 
the load was MOPC than twice that 1. 
ing in the presenh e x ~ ~ r ~ ~ l ~ ~ ~ ~ s ~ .  The test verified that 
with the ~~t -of -p lane  oad applied and that the structures are mechani 
a significant p i n t  an should not in the leash be considered a routine t 
i s  tested by itself as these magnets were, the magnetic forces are r 
axially toward the center (Le., the inagnet tends to compress in len 
two-coil test configuration, the forces on the respective windings are at tractive ( i s . ,  Loward 
one side plate of the bobbin). I f  the magnets were nut wound e cemely tightly, then the 
single-coil tests would create some space for small motion in LWO-I=DiL test, and the 
magnets would then either quench or train (is., t'hcse are hitjla-eurI.ent-density, high- 
performance, noncryostabilized designs). Since quenching and training did nod occur, this 
test serves as a confirmation af the saundness of the design and a tribute to the care an 
magnet fabrication technology employed, 

each magnet. . 
~ ~ e ~ ~ e ~ ~ ~  Test Faeilik 



iilc t-ao-coil test of bBT-P divclopmcnt roils .u' 2. a d  113 (protoiypc coil fabri- 
cated by Gtn/C) in szrics w,cs successfuily cornplcted. Opcratice: zt 5 I with a 73,000-lb 
out-of-plane load was reqlrircd to verify thz basis FB':'-P ciesigi. Oii June !?, thc aagnetr 
were ramped once up to 1200 A and back dowi; hovwyr, on silbazqrrefit attempts thc 
magnets were tiippcd aut autnmaiically oile or two rniri-:,tes after rcachhg 1200 A. Irsvcsti- 
c vation revealed a p?ow\.'sr supply prol?Ici.li that was circ~mwnted by Invcrting the polmity uf 

siipply. On June 26, thc .nagni;ts T Z R  operated successfully at 1200 Pi 2nd 
held in steady state far nearly 1 f i .  Thc nagnets WCF:: intentionally durnpec: 

discovcrcd, and thc stlair "ata agreed ;:ell 
eliunn use w::s within thc range of prediction. 

% ccnsidercul; qualified for use, in 

frcm full fieid. N o  significant problems 
with the picdlctions. The mcasuicd liquid 
 his coilipleted thc p!ai1~7~d testing, a d  t 
Rk'YF. 

At the oiitstt of this prcrgrairr, wc stated that d c r d o p m e ~ ~ i  t r w  nceded for the conduc 
tor dlld wifif!hig technology. further st,at.cn t h a t  %vith completboli of the development 

s, our R&!J effcil :?,Q:Jld seasc 3 r d  our only invc~veii~enl wodd he durirlg thc testing 
p ime .  We are pieascd to report t h ~ t  +tiis cornrnitriient wzs kepi. We firiishcd the ccsessary 

A; and :vc.a; on to othcr work OVCE thc last f w  years, wc have becn 
involved only wit11 tcsting. This rcport conclucks thc testing phasz. 

- 

After thermally arid electrically testing 20 joint concepts, Engineering Division staff 
selected (with approval from Fusion f,ncigy Division) the joint thcy considered most likely 
to succced. A backup joint war: also se!ccied. This milestone decision was eaactly on 
schzdule. The joint will elcetrically connect the helical coil segments and inrist satisly vesy 
stringer;; elecerical, thermal, and mcebail;cd seqinirements. The jrint sclccted i s  a lap-bar 
coLxhination that piovides better-than-averag~ adjustmcfits for aligniiic;,: $ctwe:e-;l coil seg- 
merits. It has a separate copper piece between conductors with an added coding charir:~! 
All twiq indlcatzd that any szparate pieccs need cupplem'cnid cooling. Se~~eraP more joint 
concepts wi!l be tested bcfore the first phase of thc joint deve!opmf;nt prograrii eruJi. Iile 

next phase, already under way, is to csi*qbwct a full-scalc prototype to verify the feasibility 
of asscn:5lifig the selscted concept. A!sc, moie ~ and fatigw testing and 
analysis arc plafined 

-. 
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. A  CED SYST XES 

SUMMARY OF ACTWl.l.IES 

Advanced system studies in the OWNL Fusion Program are carried out by the Fusion 
Engineering Design Center and the Fusion ~ ~ v ~ r o ~ ~ e ~ t a l  Assesment Program. The 
activities of the Design Center included work on the Tokamak Fusion Core Experiment 
(TFCX), the Fusion Power Demonstration (FPD) tandem-mirror reactors, and the ignition 
Spherical Torus (EX). In the assessment program, work continued on 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 U.S. 
Department of Energy. In  '%IC first half of the year, the major emphasis was on the TFGX 
devices. The Design Center ~ ~ ~ / e ~ ~ ~ ~  the superconducting coil options and an independent 
copper coil option for the T ;CX project and contributed substantially to selected design 
areas, such as rf systems, su rconducting 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 
sible devices. In the second half of the year, the tokamak effort concentrated on the IST, 
which is a device with very small aspect ratio proposed by the Design Center as an ignition 
experiment that is potentially muck 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 
GEIS for fusion. A revised preliminary draft GEIS prepared in 1984 addressed a number 
of issues related to the introduction of central-station fusion power plants into the 1J.S. 
energy economy. 

8.1 FUSION ENGINEERING DESIGN CENTER 

8.1.1 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 tandemmirror 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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The central cell should hc ignited; that is, the power dspirsited by the fiision alpha 
particlcs in the central-cell plasma volume should balancc thc total power loss (cner- 
getic particlcs and radiation) from this volumc 
The central. cell shoinld 'ot: no longer than necessary to achicve ignition. 
The device should generate nct electrical yowcr, ihat is, the engineeTing Q (gross e!ec- 
tric power divided by recirculating clectrk power) shovld bc greater than or eqtral to 
unity. 
The device should operatc in a long pulse (kourc) and achieve 50% availability over a 
20-year life. 

The objective of the FPD studies was to select a single conccpt as a baseline for furthrr 
detailed design and analysis. To this end, these three configurations WCPC dcvrllcpcd in 
enough detail to estimate thek relative costs and to evaluatc the fuel cycle, power conver- 
sion systems, rf and neutral. beam injection (NBT) system, magnet systems, and maintain- 
ability of each one. The principii pararrctrrs for the three versions of FPD are sh0i41n in 
Table 8.1. 

The plasma engineering configurations of FPD-I and FPD-I1 follow the priwcip!cs 
employed in the Mirror Advanced Reactor Study (MARS;)1 and comprise a low-field 
(2.5-T), solenoidal central cell region, highfield (24- r), central-cell choke coils; and an 
end-cell magnet system that i s  composed of a dccble-quadrupole, anchor/plug, yin-yang 
pair (Fig. 8.1). Central-cell passing particlcs that hecorne tiappcd in the long end-cell tran- 
sition regions are radially "drift pumped" to the plasma halo and represent a major pawcr 
loss from the system. 'I'he engineering design philosophy for FPD-I and TPD-11 reflects thc 
configuration developed in the I98 3 I'andein-Mirror b'ilsion Test Facility (MFTF-B) 
upgrade studies that minimizes size and enrphasizcs ease of inaintenance.* 

The FPD-I configuration has a 74-m-long central ccll and produces 368 MW of fusion 
power. With a recirculation powc.; of approximately 170 MW, this option, with minor revi- 
sions, could leach engineering breakeven. The most visible difference between the MARS 

Tarairietcr FPD-I FPD-II FPD-IIL 

Fusion power, MW 

Wall loading, MW/m2 
Fueling current, kA 
Magnet configuration (end cell) 
Choke field, T 
Central-cell length, M 

Q 

First wall radius, m 

360 
26 
1.4 
0.66 
MARS 
24 
74 
0.8 1 

480 
36 
1 
0.25 
MARS 
24 
95 

0.67 

140 
12 
0.9 
0.08 

24 
32 
0.57 

Octopole 
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The FPPD-'iTI coafigi;aation differs from prior TMW configurations in that the end cell 
is based cm an octopole coil concept The ccnfigiaratlsn n i c m  the design goals with a 
32-m-long central cell and 140 MW of  fi.pse'ltrn pswcr. Of the three machines studied, 
FTD-XI1 stands out as the ~ I Q S ~  cost-effective. Detailed descriptions follow. 

8.1.1.1 FPD-I 

The configuraticn study for FPD-T (Fig. 8.2) broke new ground with the first look at 
the sernieontinuons centid-cell solenoid design. The central cell use$ six 10-m-Bong 
modules, each owe madc iip of a pair of 5-m-long blanket modules (cooled with liquid 
lead-litkkiirn) that can bc inserted from opposite e d s .  This lecgth was chosen to limit the 
module weight and the magnetohydrodynamic (MWD) effects on the blanket. The central 
cell is divided into six 10-m modules and two 5-111 moddes. The smaller modules are joined 
with the choke coils so the high axial force on these solemids can be carried out by per- 
manent structim. The coiripkte 10-m module, when drained, ~7ill weigh less than 455 Mg 
(500 tow), which is judged l o  be a reasonable limit for handling and positioning by an 
overhead bridge crane. 

Surrounding the blanket is a nuclear shield supported hy a circumscribing truss so the 
shield calli he extracted from the end of the module. Between the outer vessel wall and the 
nuclear shicld lies a 9.25-m-long mpcrconducting solenoid coil that provides the 2 5-T cen- 
tral field. This coil, which uses a long, thin denoid,  was developed to produce minimum 
magnctic field ripple. Low ripple is related to achieving high cen:ral-cell betz. 

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. Thc cosppcr insert coil can be removed separatdy sincs. it is not envisioned 
as a lifetime con~ploraent The winding pancakes are separated slightly at the horizontal 
center to allow radial injection of fueling pellets from a rail gun. 

The two end cells are configured to permit easy assembly of the machine and replace- 
ment of all internal components, imludirag the large $1 coils. 'The double-walled end-cell 
vessel has Barge hatches and contains water, forming a part of the biological nuclear shield. 

The six C-shaped and one solenoid-coil superconducting magnets are placed on cold 
tables supported by truss struts. Axial loads ate supported by struts to the end of the 
vessel. Coils can be replaced with minimum disruption of other coils and components, Ade- 
quate nuclear shielding permits the magnets to be lifetime components, 

The end-cell heating systems use ion cyclotron resomncc heating (ICRII), ebectrsn 
cyclotron resonance heating (ECRH), drift pumping, and NBI. The ICRH is applied to 
the transition region using four-loop antennas. There i s  not enough space for rigid 
waveguides. 'T'he ECRI-I is applied at two locations using quasi-optical tramsport and 
launching systcms, also selected because of limited spzee. The launchers are arrayed axi- 
ally SO that the beams can pass through the major radians of the anchor coil. The sources 
(gyrotrons) are mounted on a winglike vacuum box with gate valves so that they can be 
replaced without bringing thc system up to ais. 

locations of the plasma target point and the C coils make axial fanning of the bcams from 
each of thc three required sources impossible. The three beams, two active and one on-line 

Integrating the 475-kcaJ, negative4 n NRE into the configuration prove 
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spare, rriust be arranged in a circumferential fan, which allows only marginal nuclear 
shielding. 

The halo scraper and direct convertor are considered lifetianc components, However, 
these components c m  be removed by lifting them through their hatch, This arrangement 
minimizes the length of the reactor vault and i s  compatible with the vertical access philos- 
ophy of the other subsystems. 

8.1.1.2 FPD-I1 

FPD-HI has a 96-rn-long central cell. This length and an improved end-plug design 
increase the fusion p o w r  to 488 MW. This design can supply 208 MW of net clectric 
power when operated without the D-T axicell module. As in the YPD-I design, tritium- 
breeding blanket modules cooled with liquid lead-lithium make the FPD-11 reactor self- 
sufficient in tritium. Thus, this device should be a true fusion power demonstration reactor. 
'The overall configuration of FPD-I1 is shown in Fig, 8.3. The baseline design includes a 
nuclear testing station (or D-'r axicell), central-cell modules with the semicontinuous 
solcnoid concept, and small end-cell magnets. 

The D-IF axicell arrangemenit was developed to provide a large test area at very high 
wall loading. It was based on the MFTF-cufT configuration. The axicell has a 2-m-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 
cbcake coils, one copper field-enhancing coil, the nuclear shielding, the test inodiik, the 
vacuum vessel, and the support structure. The CSO coppcr coils art: an integral part of the 
test module, which has a separate batch. The axicell nuclear shield consists of steel balls 
and water and satisfies the shutdown dose rate requirement of 0.5 micm/h, 24 11 after 
shutdown. for a 5-MW/m2 wall loading. 

The central cell is configured using eight full-length (8.7-in-long) modules and two 
half-length modules that are mated to the choke coils. The central-cell module for FPD-I1 
is similar to that for FFD-I, except that there is enough nuclear shielding within the bore 
of the solenoid coil to lower the shutdown dose rate to an acceptable level. Therefore, 
instead of a doub!e-walled vessel with a water shield, a single-walled shell with external 
ring stiffeners is provided. 

The end cell is also similar to that of FPD-I, with several significant improvements. 
First, the biological shield is much smaller because of the reduced neutron source, which 
allows the use of a double-walled vessel only 0.6 m thick. Second, because ICRI-S subsys- 
tem power requirements are reduced, it is unnecessary to incorporate a four-loop antenna. 
A rigid waveguide simplifies the integration of this subsystem. Third, the point h ECRff 
subsystem uses two fewer gyrotrons. This permits more nuclear shielding and a less costly 
nuclear shield design. Fourth, reduced sloshing-ion beam power requirements, together 
with improved target point-to-coil geometry for FPD-II (the angle to the z-axis being 
relaxed to permit 30" injection), allow a. much improved mechanical arrangement. Fifth, 
the injection point 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-I1 calls for vertical lifting through dedicated hatches. This makes 
installation easier, shortens the reactor building, and improves our ability to replace sub- 
systems or upgrade to a new concept, if necessary or desirable. 



8-1 1 



8-12 

ORNL-DWG 85-3053 FED 

MAGNET l-1ATCH TEST MODULE 

BACKGROUND 
(CSI ) 

I / 

‘S  t i  I E L. 

CHOK 
COIL 
( C C I )  

.DING 

E 

VACUUM VESSEL 

STRUCTU R E  
SIJ PPO R T 

FIELD ENI-IANCING COIL  (CSO 
‘ I  

Fig. 8.4. Central-cell mod 

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 axicell was optimized with a wall loading of 
5 MW/rn2. 

The third version of the FPD device is designed to produce 140 MW of fusion power, 
As shown in Fig. 8 .5 ,  the device is 67.5 rn long and 8.2 rn in diameter, with a centerline 
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M 0 U IJ LE - T O M  0 K! IJ LE SEA I. r 

CENTER CiELL. MODULES 1- 
i ~ I A ~ ~ N ~ ~ S T I C / F I J E I . l N ~  SECTOR r- 

DIRECT CONVERTOR APlU 

I [ HALO SCRAPER ilATCI-i 

height of 9 m, T e device is assemble from six modular central-cell sections, a 

7 m in diameter and contains the blanket, 
ne” unit. All units, 
. The length of t 

iagnosiic sector, and two end cells with direct convertors. 
Each central-cell inodule is 5.5 x11 long an 

shield, solenoid coil, and vacuum tank required to make it a “stan 
except the end units (those closest to t e end cellsh arc interchang 
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('ciiiia:-cel! niodules \US agaiis chosen to limit MH!) effects in the bbfiaket Without fluids 
iti the shk!d a i d  blailkzt, the estimatcd wzight of a modiilc 1s 256) Me (2'75 tons). 
d: ' e~~tral-sdl  rriod1r1e.s arc 3 i i~~c i~ :~~ . ' l y  connected by tie bults that resist thc axial load and 
h j  bellom that form t h ,  circiiinfcre~tid vaciium see1 Lhe fsur  central rnoddcs can be 

ations in that the end c d l  i s  bascd on an 
o c t o p ~ L  tail ccxzpt .  The er~il ce!l coil s.cf consists of clsoks. coils, a transition octoprs!-,, the 
i n ~ p  actopolt, a i d  ar, outer iiiirioi coil. The end CZK also coiitains p r~~ i s io i i s  foi ~ g a i ; v e -  
1(,ii iicutral bzam heatilig k:CMH, drift prr~rrg'lng, a halo ccraper, ax! a diiect convcr- 
tor. I?? rid-cell va and 18 m long The vacuum houndary 
i s  r x f e f i d ~ d  in wicglike appedages for the BCRM a d  coils. 

 he pr inc ip l  fcaturc sf the e d  cell is thc octopolc magaze+,, 'l'hrcc conccpts were cap- 
d before thc prefrced arranjpicrit  s c l ~ t d .  cofitiiltlnij4y wound octopole 

iiia9EL.t provides thc P utral bcams but woaild he very difiicult to 
build aiid KaiiItaiil. A n  uctopole asscsiblcd from cight individrrzlly -&a)und wiiidow fr-amcs, 
d!i2: ezsy to bilild, r e s v h  in vciy limited ~ C C C S S  Eel- 5,zm iiijcctim. T k  ~ lec t ce i  acheme 
iiying foxr window fi'amts, ~ o r n b k e -  the manuF;lct~l~-ingSnla;nten;rncs: and bcam access 
advantages of thc other schcKes. A dcmountablc, @tieirnifer 1 support structure allows 
the u~pm-  wir~dow framz to be i r idepdent ly  ie;;?ovd fro m vessel, cxposing 
othci coiiiponeilis to top seczss. Cthcr magnets incliide a smallcr "trai~aitioa' octopole, a 
correction coil, and ai outei ,Aiirrnr coil. All coiXs, except x rssistive inszit coil in the high- 
fie!: regioki cf tiiw e, arc srrpcrconiiixting. h e  ~~~indnw-fsama octspole concept 
j.,quires 3 correcihm o cornpens-te for thc cad ciirmiits. B iicc the c o r s o s t h  coil 

coil stagger& iii i k  .ria; direction. 
ELM:? is appl id  at threr lncatisns in cach ~ ; d  cell She tkerindl 

the clect;nn I i , in i l e  are n i  thc sarm axial location, 31 cin b q m d  the 
octopole, iixapet. ?'hi? point b resiu3" i c  on axis: wMe the r~~antls: is cc 
4 third ECRK systein is reqilircd for thc p A c n t X  pznk at point a. The point a system 
lcquires oni: 700-kW gyrotam, while the point b a id  filantle ?ystems each ure six 1-MW 
gyrliirons pcr cizd l'he thermal l~tirriw system for kPD-ii7 uses ii quasbptica'l lzarnching 
and transpar; system ccfiterci! oil thc horimoial midplane. I,aune;.cTs are arrayed axially 
EO that the ECRH passes bctweeji the mil wiirdiiigs The launchers for the point a and 

s r;re insidc the vacuiim vessel, A waveguide interface yeactratcs the vcsse!, 
oeei fiom the gy~otrons to the h ~ i i c i ? ~ ~ ,  The total prime power require:;ie:nt. 

for thc three systczrs is appioxiiliatcly 45 MW. 
1 he 4 1 5-keV, negative-ioti-based NBE system i s  positioned to prcduce the sloshkg-ion 

distribution in each p;ug Integratirig this system again proved diffics.rli because of ttlc Back 
of space in the zcqiiirzd Ilscaticn, tkc midplane of tbz srriall octopde, The hesm must pass 
thioilgh an  arcs already cr~dc?i3d by i ~ a g ~ c t i c  whd i  figs and Strs,iCtllrC, f i t~r i ro i~  shielding 
a i d  coil crosswvers. Oric Sea-m line i s  ccc:ered on ilir a7imuthal midplane; the k a x m  line at 
tbr ;.ther end of the devicc en;e;s at an anglc sf 45" below midplane. 

Drift pumpimg coils are placed at two axial Izsati~ns in each end ccll A slotted 
antmna eecircles the plasma to pump the ion sp?z@1:c~ trapped in the plasma cart pear the 

1 octcpc$e. In  the outer en9 of the large octopole, four split-coaxial scctions follow thc 
lobe, nf the phsma cdge surfaces 

iidmtly rcnmved from the deviLe for mainatens 
i X j - i i I  diffcE-5 from prior '1MK confi 

is 8.2 rn in diam 

- 

ed access for the 

. i l l J l i  b C  ClOS? to thC le, thr cod of thc nia%cq901c ri;mt be stepFcd arid tk: correction 

-. 
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‘ifhe double-walled end-cell vacuum vessel has 60 CM of biological shielding and water 
between the walls. A hatc that extends axially from the choke coil to the outer mirror coil 
is wide enough to allow installation/removal of the end-cell magnets. The vacuum tank 
diameter is reduced near the halo seraper/direet convertor, which is installed through a 
port on top of the vessel. 

8.12 ~~~~~~~ 

The Design Center participated in the Preconceptual Design Study for the Tokamak 
Fusion Core Experiment (‘SFCX), which developed four options for presentation to the 

devoted to characterizing the nominal and ~ i ~ h - ~ r f o r ~ a ~ ~ e  s ~ ~ r c o n ~ ~ ~ t ~ ~ g  options and 
port of Princeton Plasma Physics Laboratory (PPPL), which led the TFCX stud- 

ies, in selected areas. The Design Center also developed a TFCX design using continuous 
copper toroidal field (TF) coils, which was not selected as one of the TFCX options. 

The four TFCX oplions were designed with a common physics base, specified gaps and 
thicknesses, and material properties. Key plasma parameters that were fixed include the 

Department of Energy (DOE) in July 1984. ]in the first part of the year, most work L wins 

foll low i lag: 

Elollgation K 1.6 
Triangularity 6 0.3 
Safety factor at edge q 2.4 
Temperature, key I 
Ignition parameter Cig 1.5 

The ignition parameter was specified by: 

C& = 0*295&&, 

where 

Bt is the field on  axis, A is the aspect ratio, a is the plasma radius, and Ip is the plasma 
current, In addition, the pulse length was specified to be 70% of the internal plasma flux 
divided by the toroidal loop voltage during burn. 

Important design features common to all options included: 

current drive with lower hybrid resonant frequency (LHRF) heating to provide most of 
the power to ramp up the plasma current, augmented by ion cyclotron resonant fre- 
quency (ICRF) heating to heat the plasma to ignition; 
16 TF coils, with a window between the outer legs that allows direct radial extraction 
of the main shield modules; 

* 

* 
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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-edgc limiter at  thc hottorn of the plasma, with vacuum ducts con- 
nected to the underside of the vacuum vessel. 

The characteristics of the four TFCX options are showsr in Table 8.2. The nominal 
superconducting option ( F i g  8.6) is bascd on the previous Fusion Engineering Device 
(FED)/TFCW designs. In the high-performance superconducting option, the nuclear heat- 
ing in the I'F coils is allowed to incrwse from 1 to 50 I T I W / C ~ ~ ,  with a corresponding 
decrease in required inboard shielding. The two copper TF coil options were developed by 
PPPL and are not described herc. 

Because the TFCX system definition studies have been a national undertaking, a spe- 
cial approach to the management of this effoit has been needed. The criteria for the 
management approach are: 

e 

* 

providing a means for developing a national consewsus on technical and cost issues, 
providing a means for controlling this diverse activity, and 
having flexibility for adapting to new innovations. 

Parameter 

Superconducting Copper 
~- 

High High 
Nominal performance Nominal performance 

Major radius, m 
Minor radius, m 
Aspect ratio 
Field on axis; T 
Inboard shielding, m 
Fusion power, MW 
Wall loading, MW/m2 
Plasma current, MA 
Pulse length, s 
LHRF power, MW 
ICRF power, MW 

Initial 
Final 

TF power, M W  
P F  power, M W  
Beta, % 
Mirnov ignition parameter Cis 

4.08 
1.52 
2.69 
3.73 
0.52 
267 
0.69 
11.2 
618 
32 

e 
31 

5.51 
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 
5.75 
1.5 

2.60 
1.04 
2.49 
4.50 
0.015 
197 
1.17 
10.4 
298 
19 

7 
26 
333 
108 
5.95 
1.5 
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F E D  

The approach to organizing and managing 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 fusiori laboratories at 
the Massachusetts Institute of Technology (MIT) and LLNL. 
Many workshops have been organized to develop a consensus on the options to be 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. 

The objective in establishing 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 to 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 r e f i d  and the i ange of options more precisely defined 'I'hese psescrip- 
tions arc detailed in the TFCX prcconceptiaal design spe~ifications.~ 

'The costing of thc options for TFCX is being carried O P J ~  in a manner similar to the 
technical approach. A cost specification has been developed to specify and control the 
method for costing the options. 

Two methods are used for TFCX subsystems. Where a solid. historical data base is 
available for costing a particular subsystem, this data base is distilled for the ecst specifi- 
cation and applied to all options for that siibsystern. An example is the T K X  TI: coils. 
Large copper and superconducting coils have been built for other fusion devices, yet the 
TF coils foi TFCX will be, in detail, urriqiac. An excellent method to estimate the ocsts of 
such devices is to base costs on previously delivered cost per unit (weight, volume, area, 
etc,) of similar componeiats. 

8.1.2,A Superco 

COnfigklPatiOIB 

The configuration design approach incorporated in the TFCX superconducting studies 
is based 011 the design features that liave cvslved from the FED/International Tokamak 
Reactor (IN'IL'OR) studies. Distinguishing features of this approach are the modularity in 
design of as many components as possible and the arrangermilt of cornponcnts for ease of 
maintenance. In particular, care bas becn taken to ease the maintenance of components 
that may require frequent ieplacernent, such as the limitcr blades and rf modules. Other 
cornponerlts are also replaceahle but with incrcasing difficulty, such as thc shidd modules, 
the PF coils, and the TF coils. Figures 8.7 and 8.8 show elevation and plan biews of the 
nominal superconducting option. The design details of the major eomponrnts and the de- 
vice intcrfacc with the device hall facility have been carefully developed to integrate the 
main coolant, electrical, and vacuum lines with the device a id  to better understand the 
space necded for the ancillary equipment. To provide more space and improve access for 
installing the ancillary equipment, a steel floor and substructure were designed to circle tbe 
entire device. 

The vacuum topology consists of a combined vacuum boundary betwcen the plasma 
and superconducting magnetic system, formed by welding three major structural members 
together: the vacuum ring module, the window module, and the outboard wall structure 
(see Fig. 8.9). The ring and window niodules are welded along pdoidal seals formed at 
their interface. A single-turn vacuum seal is added to provide the primary vacuum inter- 
face with the plasma. 

Eight cryososption pumps, located below floor level, arc eqiaally spaced around the; de- 
vice. Sliieldcd vacuum ducts are attached to the vacuum structure in the spaces between 
the 16 TF coils. They provide the gravity support for thc torus. The conductance of the 
vacuum system is limited by the area available for the vacuum ducts located between the 
TF coils. 

The TF coils have becn sized to a l b ~  a two-piece limiter blade to be extracted from 
the torus. An intercoil support structure at  the top and bottom of the TF coil has keen 
developed. A local structure stiffens the case and is flared outward locally to pick up the 
outer-ring beam structure. Dolted IFF coil ititcrfaces are located between 'l"F coils along the 
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Vacuum Ring Module 

/ Vacuum Dome 

Ring 

Outbd Wall S t r u c t u r e  

Vacuum Window Module 

Shield Module 

?Y Limiter Blades 

Shielded Vacuum Duct 
Fig. 8.9. Vacuum vessel end 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 lo 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 lifetime of the protective surface. Therefore, tile size was stud- 
ied to find the maximum allowable tile thickness, based on the thermal loads cxperienced 
by the limiter. Temperature a d  thermal-st ress distritsiitions were calculated as a function 
of tile thickness. Limits based on maximum temperature, material strength, and fatigue 
were determined for limiter configuraticns with &her graphite or beryllium tiles braLed to 
a copper substrate. 

Erosion of the limiter surface by both sputtering and disruption-induced melting and 
vaporization was evaluated. Disruption erosion is the dominant erosion mr,cl?anism for 
TFCX. Using the calculated tile thicknesses and erosion rates, calculated erosion lifetimes 
for the nominal supercoirdimcting option sre: €or graphite, 1.1 years of operation with a 
temperature limit of 400°C and 2 8  years of operation with a temperature limit of 
1000°C; for beryllium, 0.1 year of operation assuming that the entire melt layer is lost and 
0.5 year of operation assit ing the melt layer remains intact. Lifetimes for the high- 
performance option are approximately 20% less, as shown in Fig. 8.10. 

The inboard region of the first wall consists of Graphol graphite tiles, attached directly 
to the inboard shield surface with one graphite bolt per tile. The tiles are passively cooled, 

@DISRUPTION FREQUENCY =8.03/BURN 

@AVERAGE BURN DURATION = 2 0 s  

gf- .S PU T T E H 1 N G 

Be c 

ORNL-DWG 84-18523 FED 

@MELT LAYER REMAINS 
@MELT' LAYER LOST 
@ PEAK TEMP. LIMIT = 1000 "C 

@ PEAK TEMP. LIMIT = 400 "C 

BE .c 
NOM. hr, N 

C 

cu cu S I C  

Fig. 8.18. Limiter erosion rate amd lifetime, 
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radiating their heat load lo the cooled shield surface and to the actively cooled outboard 
panels. The graphite bolts permit the in situ replacement of a single tile by remote means. 
The 3-em-thick graphite tiles are square 10 em on a side). 

The outboard region of the first wall consists of seven actively cooled, stainless steel 
panels. These panels are mounted to the shield structure with pinned brackets to allow 
thermal expansion in both toroidal and poloidal directions. The lifetime of both the inboar 
and outboard first walls for both options is longer than that of the device. 

The shielding was designed to meet the following requirements: 

The shield must limit the nuclear beating in the TF coil windings to I m 
nominal case or 50 mW/cm3 in the high-performance case. 
The maximum dose to the TF coil winding insulator must not exwed 2.5 X PO' ha 

and the maximum dose to the thermal insulator for the TF coil must not exceed 5 X 
lo9 rad in the nominal case, or ten times those h i t s  in the high-performanee case. 
The displacements per atom (dpa) for the copper stabilizer in the TF coil ~ ~ n ~ ~ ~ g s  
must not exceed 2 x 10-~dpa. 
The shutdown dose rate at the outer surface of the reactor island and any ot 
within the device island requiring contact. maintenance must not excsed 1 
24 h after shutdown. 

* 

* 

* 

The shield design is the same for both options, except for the inboard shield thickness, 
which at midplane is 0.63 m for the nominal case and 0.36 m for the ~ i ~ h - ~ ~ ~ ~ ~ n c ~  
case. The inboard bulk shield is 80% Nitronic-33 stainless steel plate with machined 
sages for the water coolant that is 20% of the volume. The intermediate region of 
shield module is a composition of 60% stainless steel and 40% water. Here the steel con- 
sists of Nitronic-33 stainless steel balls, which are significantly cheaper than a machined 
plate. The thickness of this region at midplane i s  0.70 m. In the outboard re 
shield module, water is the bulk-shield material. The thickness of this region at 
1.58 m. 

Plasma operations 

MWD equilibrium: The goal of the TFCX MHD equilibrium studies is to determine the 
characteristics of the PF coil system for each TF coil option in order to minimize the 
machine size while satisfying 

plasma volt-second requirements, 
* mechanical configuration constraints, 

maximum field and current density constraints, and 
* plasma shape requirements. 

In the TFCX preconceptual design analysis, the PF system consists of three coil groups: 
a central solenoid, shaping field coils, and outboard EF coils. The fields of the three ~d 
sets are coupled, reducing the total ampere-turns and allowing the magnetic energy stored 
in the: system to be used for both plasma current maintenance and MHD equilibrium. 

The copper TF device design parameters were chosen using a plasma scaling based on 
a set of numerical equilibria. The PPPL Generalized Flux Coordinate Equilibrium Code is 
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used io generate data froin ~hic1-r the coefficients of expressions relating the plasma 
CllriiCGt Zp, the toroidal field Rb, and the intemal flux A$ to the aspect ratio are d e r i v ~ d . ~  

y cede allows prescribed profiles of plasma shapee;, pressure, and safety 
factor q. Vacuum fields consistent with these equilibria are represented by toroidal 
m~dtipolee,~ also given as functions of plasma geometry, and are used in designing the PF 
coil system. 

Tr,c supsrconductiiPg TF device design parameters are the result of an iterative process 
irlvolviirg the tokamak systems code (with the TFCX plasma scaling), the EFFH magnetics 
code.: at2 the F E W  MWD equilibrirntn This process is shown in Fig. 8.1 1. The 
FEE% equilibrium code computcs the coil currents necessary to maintain a plasma approx- 
imatirig a prescribed shape for given prcssure and toroidal field ( F  ---- RBJ profiles. The 
two MIID equilibrium codes haw been satisfactorily cornpar~d.~.~ 

When the design points have been established, PF coil currents representing the time- 
dependent plasma operation scenario are simulated by a sei of equilibria with specific 
propoitics. For example, the volt-second requirement during burn is taken to be A@?, - 
0. 7%,,i, wherc -= 2 A(M&) is tbe exter- 

nally appllicd f&ux due to the PF system. During plasma hulk heating, the requirement is 
A@pr - A@s,,, 4- h @ l n d ,  where A*rcs and AaInd are the resistive and inductive flux, 
rcspcctivdy. I'he current in the ohmic heating (OH) solenoid is adjusted in equilibrium 
rslciilstions until the a9propriate volt-second values are matched at 

low bcta, beforc beating, 
Q 

is the iiaiernal flux of the plasma and 
i 

high beta, at start of burn, and 
Cad of burn 

Ne~atra! transport POP the puma, limiter an ivertorr Pumping rates for 'TFCX are dis- 
cased  for both the pump limiter and th vertor options. In particular, a coupled 
phsma-neutral transport lnodal is used to account fer the effects of neutral recycling near 
tk:: rieutralitirig plate. The primary effect introduced by neutral recycling is an increase in 
the pimping probability per ion flowing into the divertor (or limiter shadow). Pumping 
rates sljffl&ent to exhaust helium ash arc found for bcth options. 

Plasma transport along the magnetic field line is evaluated using the ZEPHYR code* 
c c i : p ~  with a simplified neutral transport r n d e ~ . ~  Input to ZEPHYR for the radial 

off width arid "wutershed" density and temperature is provided by a radial transport 
based on the transport equations." This model uses a two-point method" to calcu- 

1atc particle and energy losses (including conduction) along the field line and uses an 
assunm~ recycling profile, The two models are iterated until the recycling calculated with 
ZbYIIYR is consistent with that used in the radial transport yil el. Also, the simplified 
ncirtral transport model %sed in ZEPHYR i s  benchmarked vith the DEGAS neutral trans- 
pa1 c cone. ' 

The pump limiter casc consists of 16 ducts, each with a conductance of 1.9 X lo4 L/s 
and a pump speed of s x io4 L/S (a total effective pumping speed of 2.2 x io5 L / s ) .  
'1he plasma parameters at the main plasrna/scrapoff interhce are taken to be n = 3 X 

c r K 3  and T = 200 eV, for a total heat flux of z50 MW on the limiter over the 
entire saapsoff. Figure 8.12 shows thc calculated density and temperature profiles in the 
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scrapmff. The limiter leading edge is positioned ivhcrc the heat flux (in the poloickal direc- 
tion) has fallen to 200 W/cm2. For this case, the leading edge i s  2.3 cm into the scrapeoff. 
:'*eyond this point, plasma flows bellow (into the "throat" of) the limiter and is available for 
puinpine, in this case, the total floiv rate into the limiter throat is 4.2 X 1021 s-'. The low 
ilov rate is due to the high neutral recycling that occurs below the limiter ( R  0.82), 
which results in a low Mach nuriiber ( M  8.13) at thc throat entrance. The high ficutral 
recycling also results in the plarnping of a laage fraction (66%) of the plasma that flows 
bc!s:v the limiter, corresponding to a total pumping rate of 2.8 X 1O2I s - I .  Although the 
pmngiag efficiency for the plasma that flows below the limiter i s  high, the pumping: rate is 
only abcnt 1% of the total flow rate onto the entire limiter, because most of t lx flow is on 
the front surfacr: of the limiter. 'I'he predicted pumping rate of 2.8 X lo2' s-' should be 
siifficient to exhaust the 1 O2' alpha products produccd each second (60-M W charged 
fusion power), assuming a 5% helium density ratio and equivalent helium-hydrogen trans- 
p r t .  

The divertor case consists of 15 ducts, each with a conductance of 1.9 X lo4 L/s and a 
p i m p  speed of 2 x io4 LIS (a total effective pump speed of 1.4  x io5 LIS). rhe entire 
scrapeoff plasma flows into the divertor region and is subject to pumping, although only 
the outboard diverted plasma is considered to be pumped here. The density and ter-npera- 
ture a t  the scrapccPff/main plasma interface are taken to be I? - 3 X l O I 3  cm - 3  and T = 

350 eV, which results in a scrapeoff plasma depositing approximately 50 MW to the diver- 
tor. The resultant radial profiles for the density and temperature are shown in Fig. 8.13. 
The neutral iecyeling for the divertor case is higher (R = 0.91) than for the limiter case 
an3 c m x x  low flow rates into the divertor. This is reflected in thc flat density profi!e 



8-27 

ORML-  D W G  84-3476 FED 
I I I I 

shown in Fig. 8.12. The total plasma flow r e into the divertor chamber is 1 
IOz2 s-l, of which approximately 50% is pump (9.0 x 1821 s-l). This ~U~~~~~ r 
greater than that required for helium exhaust and indicates that even lower pump rates 
may be adequate. 

NL tokamak transport code, W 
une-and-one-~alf-dimensional ( 1 Y 2 - 0 )  plasma sinnulations. The nomin 

as a representative example. The model includes noncircular plasma equilibria (consistent 
with pressure and ~ur ren  t profiles), particle balance (five ion species and electrons), energy 
balance (ions and electrons), poioidal flux diffusion, and fixed impurities. Ohmic heating 
and local, instantanaus alpha deposition are supplemented by a Gaussian heating profile, 
-exp[--(s/q)*], to represent the rf heating profile. The auxiliary power 3s split between 
ions (75%;) and electrons (25%) with ro = 0.8 M. Current profile evolution causes saw- 
toothing; the density, temperature, and current profiles are periodically flattened ( T ~ ~  = 

ms) consistent with particle, energy, and helical flux conservation inside the sawtooth- 
. The affected region typically extends to r - 75a. Plasma losses are then 
by confinement in the edge plasma, where gradie s are large. Fueling is by gas 

puffing and recycling 695%). Neoclassical transport is taken as twice that given by Hintan 
and Hazeltine. The Hastie-Hitehon andel i s  used for thermal ion-conduction loss by 
toroidal field ripple, assuming an edge ripple of 1.5% and 16 TF coi 
increase a3 the magnetic axis shifts outward during evolution of the M 
Anomalous electron energy confhment  and particle diffusion are a combination of neo- 

, Table 8.3 describes the confinement modules used in this study, Figure 

Plasma o ~ r a t i Q ~  4: 

TFeX [&) 2= 3.25 Ill, U 1.36 Ill,  K 1.6> 6 I 0.3, & = 4 T, g(La 

a d  i4 modifkd fotnn of G S scaling that includes a ~ ~ i t e - ~ ~ ~ a  enhance- 

8.14 shows plasma operation contours with an  oxygen impurity density of 5 X 10'' 



<1.0 

1 .tical, instaiitancous 

Oixmic; ICKH auxiliary (Gaussian spatial deposition) 
. . . .  -- .......... .............. . .................... ..... , ............. .- 

'1hc minimum ignition density lies at I O l 4  a ~ - ~  a d  8 keV, corresponding to fit - 4.5%, 
BP - 0.5, and 150 MW of fusion power. 'The finite beta enhancement to XE limits the 

ignitio; -cgion to t', d '7%. The auxiliary power at equilibrium (Pi$J is the power 
reqiiilrcd :n maintain thc operating psinnt at a given density n and temperature 1: High 
power at lov n and high T is needed :o overcome thermal ion losses due to TF ripple; high 
pow: at low 3' and high iI is required to offset impurity radiation. The poavers shown 
assiimc pcrfect coupling betwsen tbc TE ~ource and the plasma. An ICRH power of 25 
M W  is adecpitc to surmomi thr: saddlc point in Fig. 8.12: the excess power of 15 MW 
rzduces the s t ~ t ~ ~ p  tiiiic io 6 5  S. 

S F  system 
--- 
l h c  Zk'(:X designs include PAW rf systems. An LHRF system will drive the plasma 

ciarrent fiolri s t ~ r t i i p  to an opcattional (igrriticn) level and will be used for bulk plasma 
heatiug. An ICW$ systcrr, wil! augrneiit the EIIRF system during heating to ignition. The 
I MRF system wil! operate at a freqiiercy of approximately 2.7 GHz and will use a phased 

piide-array launcher. Present p w e r  klystroim technology facilitates a system config- 
uration 11siri.y b teen 55 and 112 klystrons, depending upon the system power required, 

k!ystron +,*121 drive four waveguides, consistent with a waveguide power density of 
5 k'.5'/Cni2. The rvaviegaides will be grouped so that each waveguide in a group is driven 
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by a klystrom, the phase of which is a 
waveguides in the group. Waveguide 
optimize the spatial ower-density pattern ~ ~ a ~ ~ c t ~ ~ ~ ~ ~ n  
array. The number f klystrons required 
power designs capable of operation at tRe 

Thz LHRF power needed is 32.5 
performance s ~ ~ e ~ ~ ~ d ~ ~ t i ~ ~  options and 
high-performance coppep options* 

Figure 8.15 shows views of a typical 
waveguide subarray with a spacing of 
the maximum n-parallel (nz) is 4.4. F 
1.4. In the bulk beating nfp 

e to that of klystrons drivis4g the stiaer 
phase ~ ~ ~ ~ ~ t ~ e ~ ~ ~  will bc Lesig,ned 40 
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doiihle the spacing, making the maximum nz about 2 2. A11 the options use a subariay 
arrangement of four rows. Each has seven colum~?s, except the small copper TF option, 
vhich uses four columns. The window is an eight-pane arrangement positioned at the back 
of the balk shield. The fluence at this point is 0.03 that at the first wall. Behind this win- 
dow, the guide and coaxial cable are pressured. 

'l'he transmission system efficiency is typically 57%. Hence, each of the 56 klystrons 
must generate 103 kW/waveguide, or a total of 413 kW. There are two sets of 56 klys- 
trons. One set drives the top and bottom rows, and the other set drives the two center 
rows, SQ the two center rows can be used for startup. An alternativc approach W O U ~ ~  use 
one large tube to drive a11 rows in one column. The overall system efficiency is 33%, so this 
option would use 88 Pa W of grime power. 

The rf ~ s d u l e  uses a klystron power amplifier. For the large-tube option, this could be 
satisfied by strapping approxinately 508 I-kW (8270) tubes together. A 1-MW tube is 
under development by two manufacturers in Japan. The drive circuit for each klystron 
consists of a phase shifter, an attenuator directional coupler, and a circulator. An effi- 
ciency of approximately '90% is expected for the klystron. In the output circuit, there is a 
lincup of ciri;ulat~i directional coupler and window. This windcw, which serves as a tri- 
tium block in case of an accident, is positioned in the mezzanine. The transmission effi- 
ciency for this output is estimated to be approximately 0.88. For the approximate I-MW 
p o w r  level, this results in a 120-kW coding requirement for each output circuit. Each of 

nents must be water coded. 
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The transmission and distribution network is composed of a 35-rn run of waveguide, 
power splitters, circulators, directional couplers, and coaxial cables. With any of these 
arrangements, the transmission efficiency (without partitioning fraction) is 62%. A total 
power dissipation of about 35 kW is expected in these components, and therefore they 
will be water cooled. It is preferable to have this distribution equipment as close to the 
launcher as pxsible but out of the test cell. Therefore, these components are 1ocated below 
ebt: test-cell fIOQs. 

Eacb rF port requires a p p r o ~ ~ ~ ~ ~ ~ ~ y  500 kW of cooling io handle the rf losses alon 
A d d ~ ~ ~ ~ n a ~  heat sources of %?00 kW are due to volumetric heating by the neutrons a 
the plasma heat flux. The spaces between each subarray and between the waveguide array 
and shadow shield are flooded with water to carry away this heat. At present, the launcher 
life is not limited by particle erosion of thc vacuum section or by neutron Wuenc~ raf the 

n are only 2 x 10'.  he neutron 
flux is a problem from o streaming standpoint. V content leaving the waveguide 
grill is  large and therefore must be locked 

0 and 100 MHz. The rf power 
required is between 6 and 36 MW. Launcher spectrum formation and power density CQR- 

siderations support the use of an array of launcher elements. Several types of elements 
(loops, cavity, etc.) are under consideration, with a ridge-loaded waveguide: appearing to be 

t choice. Six such waveguides, each with a calculated wer-handling capability of 
, couid provide the required ICRF power. The associat power generation require- 

ment can be met with a modest array of power tetrode tubes. Phasing the rf power 
delivered by each array element will be awomplished by phasing the low-level rf applied to 
each power amplifier module. 

he spectrum fmrned 
matches that of the plasma power ~ b $ o r ~ ~ ~ ~ ~ ~  pattern. Figure 8.96 s ws bow ridge-loaded 
waveguides can be interleaved to create a grill with a main respnse in the rmz range of 4-8 
and ara ambiguity spacin of 40 for all options except the small copper device (with ambi- 
guity spacing of about 3 >- Assuming there is no coupling between ~ e ~ ~ h b o ~ ~ n g  launchers, 
the main response will have a width of about 5. cause these ports will be phased to form 
an interport array, the resolution is expected to be better than that of a single port, possi- 
bly by 211. Other array elements have been considered, such as the resonant cavity [on 
Doublet Ill[ ~~~~~~~~ the U-dot [on the Tokamak Fusion Test Reactor (TFTR)], and the 
radome covered loop (on INTOR). Any of these could be arranged in a continuous array 
to form a comparable spectrum. A power density of at feast 1.2 kW/em2 is required from 
each element. Estimates of plasma-loadd loops ( 1  m long) indicate that the impedances 
are in the range of 94 4- j78 .  A corresponding impedance of I f  f $58 D was estimated 
for the waveguide element, The waveguide shown is excited by a pair of current loops, one 
on each side of the ridge. These are phased rela to one another since they are coupled. 
The calculated power-handling capability is 5 for the rk&-loaded guide;, but for 
these applications no more than 2.5 MW {small eopper device) is required. 

Figure 8.15 shows the vacuum break positioned behind the bulk shield. Ceramic (BeO) 
isolators have a lifetime fluence of about 10" neutrom/cm'. For the present TFCX duty 
factor, this represents a 2.5:% safety factor. By positioning the break behind the shield, 

his is because thr; seconds of 

The BCRF system will operate at a frequ 

A unique feature of the [CRF system is the array launcher. 
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allowance is made for upgrades in h e n c e  by an order of magnitude or more. Each 
transmission line is cooled and pressurized to accommodate the required power level. There 
is one power module per launcher to allow the use of low-power phase shifters ahead of the 
final amplifiers. A '75% transmission system efficiency is typical. Therefore, the two nomi- 
rial options require power modules of about 1.2 MW, while the high-performance super- 
conducting and copper TF devices need 1.9 MW and 3.3 MW, respectively. If the coupling 
between ports is poor, higher power modules, with power splitters to drive multiple ele- 
ments in different ports, would be more economical. The overall system efficiency is 
expected to he about 50%. Therefore, the prime power needed ranges from 14 to 38 

Magnet systems 

TFCX reference design: A major task of the TFCX study was to develop superconduct- 
ing magnet designs that maximize the winding current density and the ability to withstand 
nuclear heating. The TFCX design specification calls for a winding current density of 

A/crn2 al a 10-T peak field and for peak nuclear heat load limits of 1 mW/cm3 for 
the nominal design and 50 mW/crn3 for the high-performance design. Past studies have 
shown that NbTi conductors at 10 T can achieve about 2080 A/cm2 (superfluid, bath- 
cooled) to 22W A/cm2 (FED baseline, forced-flow conductor subcooled to 3.1 K), with a 
limited ability to remove nuclear heat. Several approaches to higher winding current 
densities were considered: 

Use of forced-flow Nb3Sn conductors, similar to the Westinghouse Large Coil Prolgram 
(LCP) wnductor. Nb$n has a higher current-sharing temperature than NbTi, which 
greatly increases the ability to withstand nuclear heat. 
Epoxy impregnation of the winding. Test results in arrays of cable-in-conduit conduc- 
tors show that the ptEing compound in the interstices between conduits advantageously 
alters the load path by which transverse-compressive winding loads are transmitted to 
the case and justifies elimination of co-wound structural material. 
Designing to 80% of critical current, rather than 67% as done previously. 
Reacting the conductor after winding to anneal out the strains indued during coil- 
winding operations, thereby increasing the critical current. 
Use of Inaloy as the conduit material. The cooldown contraction of ncolo y-w rapped 
conductors closely matches that of Nb3Sn, thereby reducing ccwldown strains and 
increasing the critical current. 

Table 8.4 summarizes the TF coil performance and design requirements for the super- 
ucting options and gives the key TF coil parameters. The nominal Tf; coil design uses 

the Westinghouse LGP conductor; that is, Nb& conductor wrapped in a JBK-75 stainless 
steel conduit. The conduit thickness is 1.7 mm, and the void fraction inside the conduit is 
32%. The winding can withstand all credible heat loads arising during normal pulsed 
operation and during plasma disruption without quenching. 

The peak conductor temperature in the high-performance design is 5.5 K, compared 
with 4.5 K in the nominal design. To offset the degradation of critical current at the 
higher temperature, the conductor must be reacted after winding. Additional critical 
current capability is obtained by increasing the void fraction from 32% to 41010 and by 
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Nominal 
High 

performance 

Plasma major radius, m 
Field on plasma axis, 'I 
Maximum ripple, 9k 

Edge 
Piasma centerline 

Maximum field at TF coil, T 
Nuclear heating rate in winding, mW/cm3 

~~~~~~$~~~~ 

Niimber of TF coils 
Winding bore size, m X m 
Mcan coil perimeter, ni 

Combined ampere-turns, MAT 
Conductor current, A 
Number of turns per coil 
Winding current density, A/cm2 
Overall current density, A/cm* 
Stored energy, M J  
Weight of winding, kg (per coil) 
Weight of case, kg (pw coil) 
Weight of intercoil structure, kg (per coil) 

4.08 
3.73 

1.5 
0.1 
10.0 
1 .o 

15 
5.2 x 7.7 
23.0 
76.0 
20,300 
234 
3,310 
1,970 
440 
15,200 
17,600 
2,900 

. . . . . . . 

3.61 
4.23 

1.5 
0.1 
10.0 
50.0 

16 
4.4 x 6.4 
19.2 
76.0 
20,300 
234 
3,3  I O  
1,970 
340 
12,900 
14,900 
2,900 

replacing the JBK-45 conduit in the Westinghause/Airco design with an Incoloy conduit 
that greatly reduces the cooldown strain. These design changes alter the conductor cross- 
sectional dimensions, although the current density remains about the same. 

Figure 8.17 shows the helium manifolding scheme for the high-performance coil. To 
limit the helium exit temperature to 5.5 IC, the coolant path length is limited to one turn in 
the first third of the winding, to two turns in the next third, and to five turns in the 
remainder of the winding. Manifolding connections are brought from various points within 
the winding through the case sidewall to a common manifcld, Each line is at a different 
electrical potential and is insulated from the coinmona manifold. Although the winding is 
cpoxy-impregnated for structural rigidity, the multiple penetrations by the coolant lines 
through the case sidewall make it necessary to reinforce this portion of the casc. 

A ~ ~ ~ y ~ ~ ~  of critical current: 'The selection of the actual conductor operating current 
depends upon the critical current, which is a function of many variables, including 

0 maximum field, 
residual compressive cooldown strain in the conductor, 
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Fig. 8.17. Cooling and manifolding for the high- 
performance case. 

* choice of jacket material and heat treatrnenrt, both of which affect the residual cool- 
down strain, 
strain level developed in conductor when it i s  bent into the minimum radius of curva- 
ture during coil winding (which can be relieved if the conductor is reacted after wind- 
ing), an 
strain level in conductor resulting from operating loads. 

At the 14)-T field, the critical current of the Westinghouse LCP conductor is 24 kA 
with no imposed tensile strain and 41 kA for an imposed tensile strain of 0.75%" The 
0.75% imposed strain is therefore equal and opposite to the residual compressive strako due 
to cooldown 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 curremt 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 Ekin's strain scaling law.'4 

* 

* 
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For a ‘ [ F C X - s i x  coil. the miniinuni radius of curvature imposed on the conductor dur- 
ing coil winding is about 1.5 m, corresponding to a bending strain in the conduit wall of 
about 0.7%. According to ref. 15, the strands experience about one.third the bending strain 
developed in the conduit, or about 0.23%. Furthermore, when the coil is energized, a dila- 
tional terasile strain of about 0.1% is developed. Thus, the net strain, including cooldown 
strain, is -0.50 - 0.23 4- 0.10 = -0.63. Ekin’s foi-mula, with e - -0.0 
10 T, gives Z/Zo = 0.64. Under TFCX conditions, the critical current at 10 T becomes 
0.64 X 41 = 26.3 kA at 4.2 K. 

The maximum corzductor temperature depends on the amount of nuclcar heat that the 
coil must withstand. A separate analysis has shown that for 1 mW/cm3, a temperature rise 
of about 0.5 K occurs. IIudson et a1,I6 predict that the critical current at temperature T 
degrades from its 4.1. K value by the fraction of 0.935, so that the critical current at 4.5 K 
is 24.6 kA. If the conductor current is set a t  80% of the critical current, it follows that the 
Westinghouse LCP conductor, without modification, would operate in a TFCX application 
at 19.7 kA at 10 T. This corresponds to an average current density (with a single grade) of 
3500 A/crn2, which meets the design specification 

A similar analysis of the critical current data has been ma& for the combinations of 
six possiblc conditions: 

JBK-75 or Incoloy jacket (affects cooldown strain), 
rcact-and-wind or wind-and-react (affects winding strain), and 
10- or 12-T peak field. 

Plgurc 8.18 summarizes the attainable current ensity as a function of peak conductor 
temperature for each combination of jacket mate al, manufacturing sequence, and peak 
field. 

As the nuclear heat load rises, inore and more helium must be circulated. Not only 
does this increasing mass flow increase the pressure 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 thc same order of 
magnitude as the imposed 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 computer program that accounts for 
spatial variation of the nuclear heat load around the perimeter of the TF coil and also 
accounts for attenuation of the nuclear heat load turn-to-turn. Pressure drops and fric- 
tional heat are calculated using the friction factor correlation in ref, 13. 

A mean TF coil perimeter of 18 pli was assumed, and coolant path lengths of one-half, 
one, and four turns were considered. The TI: coil configuration has a radial build of 12 
turns; if it is assumed that the coil is wound tkree-in-hand, a path length of four turns is 
considered about as simple a manifolding scheme as is reas nably achievable, The shorter 
path lerigtbs represent more complex manifolding but offer the potential for higher 
incident nuclear heat. 

’Table 8.5 summarizes the maximum rruclear heat capability for three cooling system 
configurations (denoted A, €3, and C> that differ in flow path length and in helium inlet 

heat-removal standpoint for a practical manifolding arrangement, whereas up to about 

6 

and outlet conditions. A nuclear heat level of 10 to 12 mW/cm3 appears feasible f -  10m a 
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Fig. 8.18. Achievable current density vs peak CQndUCtQr tern- 
perature at I10 T and 12 T. 

100 rnW/cm3 can be accommodated with many short helium flow paths. The nuclear heat 
load may be limited to lower values, however, to avoid unacceptable degradation of the 
critical current. 

Buildings, facilities, and site utilities 

The TFCX site plan 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 facili- 
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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Configuration 

‘4 B c 
-_ . . 

Nu111ber of turns In coolant path 4 1 0.5 
Coolant path length, m 72 18 9 
Helium inlet temperature, K 4.2 4.2 4.2 
Hclium outlet temperature, K 5.8 6.0 5.9 
Helium inlet pressure, atm 9.0 8.0 10.0 
Helium outlet pressure, atm 2.7 2.3 2.6 
Heliiirn flow rate per channel, g/s 15 30 50 
Maximurn nriclcar heat, mW/crn’ 12 75 100 

* 
0 

* 
* 

tokamak test cell, for machine housing and operation filnctions; 
transfer area, for transport and handling functions; 
decontamination cell, for decontamination functions; 
hot cell, for remote repair and maintenance functions; 
warm cell, for hands-on repair and maintenance functions, and 
tritium area, for storage, delivery and cleanup functions and pump housing * 

The auxiliary facilities provide space for auxiliary functions, including 

instrumentation and control (I&C) and data acquisition (D,4) systeims, 
diagnostics, 
field coil power conversion, 
rf heating power conversion, 

component cooling water, 
fabrication, assembly, and mock-up area, 
power factor correction, and 
I&C and DA tunnel. 

cryogenics, 

The support facilities provide space for 

* 
* emergency services, 

library, 
cafeteria, 

fabrication and assembly areas, 

offices, drafting area, and laboratory, 

maintenance, shop, and warehouse areas, 
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building heating, ventilating, and air conditioning (HVAC), arid 
* health physics 

'The site also contains the reqaeircd sitc utilities, including 

general-purpose facility water supply and distribution; 
fire protection watcr distribfition; 
boiler house, steam, and condensate system; 
area lighting; 

waste and effluent management; 
communications and sccurity alarm systems; and 
roads, groutids, and parking. 

general plant power; 

The TFCX test cell (Fig. 8.20) (including grade level and basemcnt) is designed to sur- 
vivc operationally the "most probable" earthquake and tornado, to withstand the "most 
intense" natural phenomena from the standpoint of pressure boundary integrity, and to 
withstand the impact of a lig t aircraft. The test cell must also provide shielding from ion- 
izing radiation sources and provide for containment and handling of radioactiwly contam- 
inated components. 

The test-cell roof, wall, and floor thicknesses are based upon structural and radiation 
shielding requirements. Because sf the structural strength and radiation shielding sequire- 
ments, the test cell rriust be constructed of reinforced concrete with wall, roof, and floor 
system approximately 2 m thick. The test cell inside-clear dimensions must be approxi- 
mately 44 m long, 40 HI wide, and 28.7 m high for the baseline machine (the cianainal 
superconducting machine). The test cell is designed to support a bridge crane with a capa- 
city of 408 tons. 

The test-cell basement has the same ckar diincnsions as the tcst-cd1 grade level, except 
it is 10.5 rn high. The test-cell basement houses a portion of the machine sector and com- 
ponent transfer area, the compound cryogenic vacuum pu ps, piping, valves, bus bars, and 
the machine structural support system. Part of the basement provides a tritium boundary 
and structlaraR contaitnrnent, Access to the basement from the grade level is throlsgk a 7.6- 
by 7.6-m hatch. 

The Long-Pihe Ignited Test Experiment (LITE) series of tokamak designs featuring 
quasi-continuous, Bitter-plate TF magnets has been proposed as an attractive concept for 
'IF.'cX'7 or the next FED. The magnet concept has a large amount. of cop er in cach turn, 
which R ~ U G ~ S  the resistive power Bosses, and has a high copper filling Factor in the throat 
region of the magnet, which reduces the radial build, These factors arc 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 
conceptual design rtudy-the Continuous Copper Toroidal Field (CCTF) concept-was 

rformed by the: Design Center, with input and collaboration from MIT. The CCTF con- 
cept is a variation of the LITP;-R'7 concept proposed by MIT. The pmameters, radial 
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build, and general shape of the 'F'F coils arc essentially the same in both concep.  The 
LITER concept is a free-standing, toroidal array of copper plates with interspersed r d  ial 
plate flanges. Steel plate shims are installed between each turn oil thc outboard kg. The 
CCTF concept has essentially the same toroidal array of copper plates but uses the Sam: 
radial plate flanges to form an encasement to react forces with a pinlied shear bar to make 
the sector-to-sector attachment. Both ccaacepis use wedging in thz mse region of each sec- 
tor to react the net centering forces. 

If both concepts provide an equally acceptable structural dr,Ggn, then the trade-off 
betwcen the concepts involves such factors as ease of manufacture, assemhly, installation, 
operation, and maintenance. These factors eventually translate to the must ccoliomical COIP- 

cept, Hi).weve~, it i s  inore memingful to assess the fundamental fcatures of the quasi- 
C O ~ ~ ~ A U O U S  TF coil concept that are inherent to both concepts. 

TI:e CCTF torus has a major radius of 2-44 m and a m i n x  radius of 0.84 m. The field 
on axis i s  4.13 T. Table 8.6 lists the significant plasma parameters. The torus i s  made of 
16 removable ssctors that include a cased magnet with nuclcar shldding, first wall, and 
pumped limiter components, nestled in the bore of the Tf  coil. An elcvzition v i w  i s  shown 
in Fig. 8.21, and a plan view at midplane is shown in Fig. 8.22. 

Access is provided at the ccntesline of each sector, as shown in Fig. 8.21. The access 
opening in each sector is 0.55 an wide and 1.2 m high, providing a total access area of 
more thaa 10 m2. Coolant lines to the first wall and sbicaaing cornpones-rts are routed at 
the top and bottom of thc access openings. Diagnostics, instrumentation, rnate~ials, blanket 
test moduies, and fueling and rf heating components arc installed in the access openings. 
Thc limiter can be removed through the access opening after thcse componevsts are 
removed. 

The plasma vacuwm boundary is at the inner pcriphery of the TF coil magnet encase- 
ment, as shown in Fig. 8.21. The basc ~f the magnet encasemeat becomes th? 'c vacuum 
vessel. The vacuum boundary is extended i s  the outboard face of the device by welding the 
acccss port  walls to the magnet encasement. An access port door with welded metal 
vacuum seais closes the houndary. 'The Y~LCUUJUO boundary is extended to the vacuum 
puniping duct interface in a similar manner, The sector-to-sector vacuum boundary is 
established by bringing the vacuum boundary in toward the plasma, as shown in Fig. 8.22. 
A welded metal plate in the radial parting plane brings the vacuum b ~ t ~ ~ d a r y  from the 
inner periphery of the *l'F coil encasement to the inner periphery of the shield. The sector- 
to-sector continuity of the vacuum boundary is provided by a wekded metal bellows seal. 

I%c scctor-ts-sector attachment is shown in Fig. 8.23 .  The sectors are installed radially 
SQ that the side plates irn the inboard nose region are in contact, forming a wedging contact 
a r m  across thc total thickness of thc inboard leg to react the inplanc Lorentz forces. Out- 
of-planc l[,orentz forces produce a net overturning that is rcacted by a shear plate attached 
to the outboard face of the sector-to-sector joint. A total of 120 shear pins, each 4.45 cm 
( 1.75 in. )  in diameter, are required at each sector-to-sector joint. 

Each sector contains 24 coil turw, for a total of 384 coil turns in the device. The coil 
turiis are encased between four radial-plate flanges, which are made of stainless steel, and 
ace arranged i g  a sequence of 6 turns, 12 turns, and 6 turns between the plate flanges. 
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ajor radius, xn 
inor radius, m 

Plasma e ~ ~ ? n ~ a t i Q ~  

Total D-T burn time, s 

2.44 
0.84 
1 .go 
0.30 
0.15 
6.13 
8,11 
0.05 1 
1.5 
2.33 
300 
2 x 105 

Four radial-plate flanges farm the central skeleton of the encasement. Flat plates form 
e outer periphery of 
he coil bore encase- 

zwtit~ Flat plates are also welded to the flanges, establishing the encasement boundary for 
the vacuum pumping duct and access port openings. 

, bottom, inboard, and outboard surfaces and are 
i d  flanges. R olf-contoured plates are similarly we1 

G Tokamak Systems Code was used to assess the cost of the CCTF concept; 
the result was a cost about 85% that of the nominal superconducting option. Thus, the 
CCTF concept with i t s  quasi-continuous TF coils appears to fall in the cost category of 
~ ~ ~ ~ h - p ~ r ~ o r m a ~ c ~  copper devices. 

coil turns results in a relatively small resistive 
It is in the same 

the TFCX ~ ~ ~ ~ ~ - ~ e r ~ ~ ~ m ~ n ~ e  copper concept, which has a resistive power of 

The very nature of the ¶ u a s i - c ~ ~ ~ ~ ~ u o ~ s  TF coils presents some maintenance difficulties 
for the internal plasma chamber. Since the entire periphery of the torus is either TF coil 
C Q I I ~ W ~ Q P  or encasing flange structure, access is achieved only by routing portions of the 
TE’ conductor ~ut-of-platne and around the access openings. This leads to small opening 
areas but also long accessway lengths since the conductor routing around the openings 
adds length to the accessway. Even after access i s  gained to the inner chamber, its small 
bore makes in-vessel maintenance tasks very difficult due to lack of maneuvering space. 

Two remote maintenance tasks are vital to this configuration: limiter installation or 
removal and vacuum bellows seal welding or cutting operations. These tasks must be per- 
formed remotely in order to remove a typical sector. The limiter must be removed to per- 
mit access t~ cut the bellows seal, Therefore, limiter installation ~r removal. must be an in 

nents could be performed after sector 

The large a ~ o ~ ~ t  of 
W for CCTF). 

aintenance of other first wall corn 
lremoval to the hot cell. 
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UUM PUMPING 

,.-.ARMOR TILE FIRST WALL 

ACCESS PORT 1180R 

CCESS PORT 

"At: IJ CI PA BOU N D AR Y 
---STAINLESS s - rEEL FIRST WAI-.L 

TYPICAL COPPER COIL TURN 

! k e d  manufacturipg considerations should be discusseal. '4 single turn cannot be 
nnaaafactureb from one plate since plates of this siee are unavailable. The turn will have to 
bi? manufactured in segments a d  welded tngcll-rcr. The CCTF plates are tapered the full 
radial dimensioc. The LITE-fik. plates aie tapered to a specific radius and then become a 
constant thickness. Steel shims corrnplcte the toroidal angle. Either concept will require an 
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extraordinary arnoiaat of surface machining on both the coil turns and the steel. flanges and 
shims. '1hc CCTE concept has the added R uirement of a welded steel encasement struc-- 
ture, wide :he LT'PE-R has the difficult rcquirement of machined keys and keyways. Final 
assenibly scqumcm reprcsswt about the same lex1 sf difficulty. Although a qualitative 
manzifacturing cost comparison was not. done, thz amount of welding and machining of 
thicker coil turn plates and encasement plates undoubtedly would make the CCTF concept 
more ccsily. The manxfacturing techniq~ies required to produce either concept are typical. 
state- of-th-ai t methods a d  S ~ S  such, ~ d d  require no technology devclopment. 

$,1.3 TgRx;E$ion Spherical. T0rW.s 

IgriIticn Sphericzl Torus (IST) design studies were initiated at the Design Center to 
explore a lower-chest alternative to the TFCX options. The bask approach was to reduce 
the aspect ratio of the device to the minimum psssiblc. Undca the stability and confine- 
mcni constraints as ROW understood and used in the TKCX studies, the Pow aspect ratio 
al!ows afi ignition dcvice with compact geometry and ~ Q W  magnetic field. The spherical 
torus assessment resulted in the definition of an ignition device with a cost half that of the 
'1 FCX high-performznce copper caption. 

A sylnerical torus is obtained by rctaining only the indispensable compaaents on the 
inboard side of a tokamak plasma, such as a cooled, normal conductor that carries current 
to prodrrce a toroidal magnetic field. The resulting dcvicc features an cxceptionally small 
aspczt ratio (typically around 1.5), a naturally elongated, D-shaped plasma cross section 
(typically 2-to- 1 elongation), and rampup and maintenance of the plasma current primarily 
by no ve means Ih:: tokamak plasma takes on the spherical shape with a modest 
hole through the center, suggcsting thc name of spherical tonis'* (Fig. 8.24). 

A spherical torus plasma is eharasteiized by comparable currents in the plasma, the 
' IF  coils, and the HPF coils; comparable toroidal and poloidal beta; comparable toroidal and 
poloidal magnetic ficbds; and strong paramagnetism. As a result of the favorable depen- 
dence of the tokamak plasma behavior on decreasing aspect ratis arrd increasing plasma 
curient a spherical torus is projected to have high beta, small size, and modest field. With 
iE coils made of normal conductors and inorganic insulators, eliminating the inboard 
nuclear shield causcs only a smd1 pcsceert of thc fusion neutrons to be: lost to the cciater 
conductor, permitting potentially dramatic simplifications in the configuration of a fusion 

Assuming confinement scalings with favorable dependences on the plasma current, an 
IST at a field of 2 T features a major radius of 1.5 m, a minor radius of 1 n, a plasma 
currcnt of 14 MA at a safety factor (itivetse rotational. transform of the magnetic field) of 
2.4, an average toroidal beta of 24% (with respect to the externally applied toroidal field), 
and a fusicn power of 50 MW. At 2 T, a scientific breakcvenm ( Q  = 1) spherical torus will 
have a major radius of 0.8 m, a minor radius of 0.5 m, and a fusion power of a few 
rncgawatts. Assuming a high-technology copper coil that permits tripling of the conductor 
current density up to I O  k4/cm2, a spherical torus suitable for fusion engineering and 
technology devehpn-c:ni ~ ~ d d  have a field of 3 T, a major radius of 8.7 m, a minor radius 
of 0.45 111, a E)-T fusion power of 40 M W ,  and a neutragd wall load of 2 MW/m2. 

spherical torus. 
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Fig. 8.24. The ptasma eonfiguration uf LL 
spherical torus, a tokamak plasma with very smaH 
aspect ratio and large elongation. 

Although the plasma properties projected for the spherical torus are consistent with the 
present-day tokamak data base, having aspect ratios ranging from 2.5 to 5 ,  its unique 
properties identify a new and unexplored tokamak physics regime. A small spherica1 torus 
experiment (STX) is being defined at ORNL (see Sect. 1.3 of this report) to resolve major 
physics scaling questions of the conventional tokamaks and to provide concrete data in the 
regime. 
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8.1.3.1 Res~slts of initial assesssniearts 

An initial assessrimit of the PST has been compicted The purpoa:: of this study is: to 
quantify the potential and challenges of an IST, to characterim its critical issues, and to 
highlight its data base meeds. An E 1  i s  to achieve ignition for pulse lengtbs cn the order 
of tens of secoiids with at least the miriiiriurn mrmbcr of cycles sufficient to demonstrate 
repeatability of results and at  the lowest sverall cost, consistent with the iritial guidelines 
of the Office of Fusion Energy (OFE) Mission I Ignition Studies duiiag the first phase of 
FY 

1 .  
2. 
3. 

4. 

5 .  

4 .  

1985. 
Thc major physics assumptions of an IST nncliide. 

the critical beta scaling propmed hy Tioyon, with B, 7 0.035 and 
energy confinement scalings with thc optieils of Mirnov and neo-Ailcator; 
plasrcra current determined hy frrc houndar y MHjd equilibrium calculations, taking 
advantage of the nata.mil elongation ai very low aspect ratios, 
paramagnetism as exhibited by the plasma enbameemcnt of the toroidal field ovx  the 
externally applied field at  the plasma a& B/Bo; 
LIIRF current rampup with inductive assist only from vertical field coils and some 
plasma current decay dbeiing plasma heating, ignition, and ip~mi, lasting for tens of 
seconds, a timc scale much shorten than the resistive decay timc of the burning 
plasma; and 
plasma density below the Murakami limit. 

= 0.978,; 

Because the field for this concept s1:ould be modest, only conventional engineering assump- 
tions are used in this study, with one exceptio?,. The option of using a high-strength copper 
alloy, C-17318 (Cu-Mi-&), in the center coeductor post is considcreel to allow for a highly 
compact IST and for more objective corn paiison with the IGNITOR class of short-pulse 
ignition tokamaks. Otherwise, the engincering and costhg approaches are in accordance 
with the recent TFCX practices. 

The major results of this study are sumniiarized as follows. 
1. A nominal IST with conventional coil current der-rslty (about 3 kh/cm2) and Mir- 

nov scaling is estimated to have Bo - 2 P, W = 1.6 in, a = 1.0 rn, I, = E6 2 MA, Ip - 
14 MA, YD1 5 5  MW, and C,, - 2.3. The estimated constructed cost of the IS'T proj- 
ect, ready for operation at  an initially iindevelopcd sltc, i s  $575 million in 1984 dollars. 
The total direct cost of the nuclear island is estimated to be $1 19 million Bascd on neo- 
Alcatsr scaling, C,, for this dwics wcuM hc 0.22. 

'The rationale for using high-strength copper alloy for the ceatcr conductor is to 
permit a highly compact IST with Bo - 3 T, R - 1.0 m; n - 0.61 rn, I ,  = 15.1 MA, Zp 
= 11.9 MA, C,, - 2.8, and Pun = 56 MW. The ilirscl cost of the nixclear island can 
then be reduced by about $20 i-iiillioii, while the total diicct cost can be aedu~ed by ahout 
$30 million. 

3. The plasma paramagrictism i s  shown to increase strongly when the aspect ratio is 
decreased below 2.5 and whe; the plasma elsngation is increased beyond 2. The ratio IY/BQ 
ranges between 1.5 and 2 3 at an aspcct ratio of 1 .G when the plasma i s  elongated from I .9 
to 3.0. The impact of such strong paramagflehisrn is to allow an IST with Bo = 2 F, R = 

1.1 rn, and a = 63.47 m to have Clg - 1.5 bascd on the nec_a-A4kator scaling. The data base 

2. 
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for application of the ~~as~f l a"enha~~ced  field to the plasma scaling Laws i s  currently inade- 
quate. When this possible effect of p a ~ a ~ a g n ~ t i s ~  is not included, Cig would be smaller by 
roughly an order of magnitude. 

y combining the center w e-off with the IST 
parameter space trade-off, it i s  assess loy permits feasible 
IST designs with J,  a igh as 11 k A / c d  without excee ing the stress limits of the alloy 
conductor, if it is coo with h ~ ~ ~ 2 ~ v ~ l o c l t y  pressurized water in a highly compact EST at a 
relatively moderate field (between 3 T and 5 T). 

An %ST configuration is derived that features internal restraining and supporting 
structures to allow the 'Z'F ~ ~ ~ ~ g u ~ a t ~ ~ ~  to be essentially free-standing. This approach, 
whilii preliminary in nature, has high potential for decoupling the torus from the shield 
structure, contributes to i ~ ~ ~ ~ m ~ ~ ~ n ~  the "disposable" portion of the nuclear island, and 
eases maintenance without significantly coniprornising the need to achieve a very small 
aspect ratio. 

'The results of this study, although preliminary, indicate the igh potential of the 
spherical torus concept in permitting compact fusion at modest fie1 The prevailing con- 
finement and beta scaling laws, while relatively secure in their application to large 
tokamaks of c o ~ v ~ ~ ~ i ~ ~ n a l  aspect ratios, in icate uncertainties of an order of 
spherical tokamaks. An  absence of physics data base at present stands out as the primary 
handicap to significant progress in our understanding of the highly paramagnetic spherical 
tokamaks. 

uctor engineering design 
that the use of the G-175 

5. 

Reference parameters for t e nominal rIST 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  ) a %-turn TF coil system connected in series with the top leg 
of each coil removabk for access, (2) a thick-walled vacuum vessel/first wall structure 
that also functions as an intercoil structure, and (3) an external shielding system of 2.5 m 
sf water in steel tanks, which can be added by phased construction before D-T operation. 

The 'X*F mils are rectangular in shape, with the center leg wedged between adjacent 
TF turns. Bn the radial build, the center leg begins at a radius of 5 cm and ends on a 
radius of 40 c k .  "he toroidal wedge angle is 1 ', and the curren 

The outer Beg of each TF coil turn has a toroidal width Q crn and a thickness of 
e current density in tl2e outer leg is 1 kA/cm2. The 
il outer legs arranged in a toroidal array allows 

toroidal width) at 6 equally spaced locations. Access 
heating units. Access openings at the limiter elevation are pro 
rnent connections. 

The top and outer legs of the TF coil are removable. The center leg mates with the 
y means of an eight-finger lap joint with two bolts. The top leg mates with the 

outer leg by means of a bolted lap joint. Turn-to-turn electricd connection occurs between 
the outer leg and the, bottom leg of the adjacent turn at floor lievel. The turn-to-turn con- 
nector lies on top sf the inlet electrical bus, which makes a full toroidal loop around t 
machine before mating with the bottom leg of the first turn. Current in the turn-to-turn 
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'ITabBe 8.7. Reference para 

Description Value 

Ge@llX?tPy 

Major radius Ro, rn 
$ l a m a  radius a, m 
Plasma ~ A Q I I ~ Z ~ ~ ~ C M I  K 

Aspect ratio A 
Scrapeoff layer, rn 
Distance from scrapeoff to conductor post, m 

Plasma 

Average ion temperature ( Ti), keV 
Safety factor (edge) y (flux surface average) 
Effective charge (during burn) ZCff  
Plasma currerit I,, MA 
Average electron density ( n e )  , c i C 3  
Average D-T density ( n D ~ ) ,  cmP3 
Epsilon beta poloidal 
'Iota1 beta ( p ) ,  % 

Toroidal field at  plasma Bt, T 
E)-T beta ( P U T ) ,  % 

Q 

Maximum burn time tburn, s 
Average burn time tbave, s 
Fusion power Pf,,, MW 
Cumulative D-T burn time, s 
Years of operation 

Coolant 
Average neutron wall load at  plasma edge, 

Average neutron wall load at first wall, 

Average thermal wall load, MW/m2 
First wall/vacuurn vessel thickness, rn 

MW/m2 

MW/m'! 

1.62 
1.01 
2.0 
1 .oo 
0.10 
0.11 

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 

1-120 

0.4 I 

0.26 

0.03 
0.10 



Description Value 

Shield 

Inboard shield thickness 
Dose rate to TF coil insulation, sad 
Time after shutdown to permit personnel 

Outboard shield thickness (90% water, 

Maximum structure temperature, "C 

access (2.5 mrem/b), h 

10% stainless steel), m 

Vacuum 

Initial base pressure, torr 
Preshot base pressure, torr 
Postshot base pressure, torr 
Pressure at duct inlet during burn, torr 

TF coils 

Number 
Peak design field at winding, T 
Condcctor current density, ,4/cm2 

PF coils 

Total flux capability, Wb 
EF flux, Wb 
Total maximum ampere-turns, MAT 
Total maximum EF ampere-turns, MAT 
Conductor winding pack current density, 

A/cm2 

Current ranrpup 

Lower hybrid current 
Rise time, s 
Power, MW 
Frequency, CHz 

Bulk heating 

Lower hybrid current 
Time, s 
Power, MW 
Frequency, GHz 

0 

36 

2.50 

200 

1 x 10'0 

10-7 
i o +  
3 x 10-4 

10-2 

36 
8.1 
3250 

9.44 
9.44 
11.61 
11.61 
I500 

50 
8 
0.564 

10 
8 
1.325 
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connector flows in the direction opposite to the ciirreni flowing, in the inlet bus, canceling 
the fields generated. 

The inner and outer rings of the vacuum vessel function as TI? intercoil structures for 
both in-plane and out-of-plane TF coil loads. 'The l id of the vacuum vessel i s  removable for 
access to the: plasma chamber. 

e m  systems code 

A computer code was developed to self-consistently determine the configuration, per- 
formance, and cost of a TMR as a function of plasma, magnetic, and engineering parane- 
ters. The first version of the Tandem Mirror Reactor Systcms Code (TMRSC) models a 
configuration similar to MARS' and FPD2 that incorporates a solenoidal 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 recircularieing coil. ?'he thermal barrier in this configuration is 
located in the plug 
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Fig. 8.26. P h  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- 

L. Neutronics, shielding, and tritium m u1e.s Were mocleled by Argonne 
National Laboratory (ANL). Blanket thermal hydraulics, heat transport/power conversion, 
cryogenics, direct convertor, and plasma hcating 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 is a flow diagram. 

The modules, each describing a reactor component or system, are connected by a 
driver. Three feedback loops are indicated 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 is 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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Fig. 8.27. Flow dingran1 of TMRSC. 
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solenoidal coils. Tihe central-r;eli, ~ o l ~ n o ~ ~ a ~  coil radius is then 
matiota of the plasma radius, blanket and shield tbi ess, sand ~ s ~ e ~ ~ l ~  gaps, Coil 
currents and conductor area;; for the solenoidal coils are mined as ~ ~ ~ ~ ~ t ~ o ~ s  of the coil 
radius, desired field on axis, and allowable coil current density, 

om. The ~~~s~~ 
radius at the choke coil is determined from the desired fie1 tail axis and the 
r e q ~ ~ r e ~ e n t  to pass the central-cell magnetic flux. With the plasma radius at the choke 
coil known, a choke coil ( ~ ~ ~ r c o n ~ ~ c ~ ~ ~ ~  pcnrtion plus copper insert ~~~~~~~~ is sized, 
based on required currents and allowable current densities, to deli~er the: desired 
axis. Space for s 

The code now proceeds axially to the choke coil and end-cell 

ing the choke coil is provided. 
The C coil radii in the end cells are consistent with t e plasma ~ o ~ ~ ~ ~ ~ ~ ,  the 
on axis, requirements €or shielding, desired sweep angle, and ~ ~ ~ o w ~ ~ ~ e  eusrc 
Axial positions of the coils are chosen to allow recircularizin 

and plug wells and reducing the average geodesic curvature to zero. As ~ ~ ~ v ~ ~ ~ ~ ~ y  noted, n 
feedback loop ensum compatibility between coil geometry, neutroniccs, ~ ~ ~ ~ ~ ~ ~ ~ ~ s ,  and 
plasma stability. Modules downstream of the iteration loops are execute 
through manner according to the seque'nce shown in the flow diagram. 

Brief summaries of the modules follow. 

Physics 

The physics module ~ o ~ ~ u t e s  the s ~ e ~ ~ y - s t a t e  plasma power and parti 
the plasma. supplemental heating requirements for TMRs by solving mu 
linked equations. ~ ~ a s ~ - n ~ u t r ~ l i t y  is ~ ~ i n ~ a j ~ ~ ~  at several. cardinal 
region. Volumes, densities, potentials, and fusion power values are d 
find ~ ~ n ~ ~ u ~  length, maximum power, or maximum 
be specified to be ignited or driven. 

are available. The 

Neutronics 

ptions are available to select frrarn various breeding, reflector, and ~ t r ~ ~ t ~ r ~ l  materi- 
als in the central-cell blanket and shield module. Tritium breeding ratio, energy deposi 
and nuclear response in the coils are ~ ~ ~ ~ r ~ ~ ~ i ~ ~ ~  consistent with the; neutron wall loa 
and material cornpsition and thickness. End-cell ~~~e~~~~~ is based on the neutron SQU~CC 

strength. Costs of the blanket and shield are estimated. 

Blanket thermal hydraulics 

Coolant inlet and outlet temperature, pressure drops, pumping power, and s ~ ~ u ~ t u ~ ~ ~  
temperatures are determined for liquid-metal rind gas-cooled components. 

Magnetics 

Magnetics for the central-cell solenoid coils, the choke coil, and the en 
are determined. Required currents are computed based on the magnetic fie1 
coil radii, and the coil axial location. The central-cell coils may be discrete coils or a 
current sheet, Conductor current density and coil d ~ ~ ~ ~ s ~ o ~  or coil aspect ratio are input 
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items. 'lhc end-cell C coils are sized and pa.silior-rcd :o provide (1) the desired magnetic 
ficld profile, (2) flux tube circularity in the rnagxtic wells, aiid ( 3 )  zcro average gecdzsic 
ciil gabire 'I his moduic runs the t%TI mcr,giwtk field code a d  the Tar,dav 'rlquilibrium 
a d  Siahility Codc (TEBASC0). Allowable valtes of beta in the central cell, anchor; and 
plilg arc dcteimined to be consistent with MHD equilibrium and stability. Thesz values of 

to the plasma physics through an external feedback loop. 

;"v?2p?.ets 

Central-cell and end-cell magnets arc modelcei. Magcet designs are consis%am t with 
linitztioiis of current density, maximum k!d, cryostability, and fluenec for various eon- 
ductnr types. Coil case thickness is based on allowable stress. Cost for cach magnet is 
cstiniated. 

'I he anodule dct~rmines the neutron source strength in the end cells (needed to deter- 
tiiins ~hielaIEi9g requirewmts), frequency ieqtiiremeMs for thc plasma rf heating and drift 
Filmr:llg systcms (ECRHI, LHMW, ICRH), and magnetic fliaw, Ccat flux, ~nagnetic field 
picfik, acd net electrical power associated with the dmxt convertor. 

Direct crmvertor 

TIE direct convertor Is based on a gridless design 2nd consists of four concentric col- 
leetois at ea& end. Radial drift pumping forces most of the Sons in the plasma onto the 
hak, tvf?ich is kq-t  at groand potcntiai by the outer two collectors. Elecir~ns Wow axially 

of the magnet sets and are deposited on the inner two collectors, which 
ordcr of 180 kV. Bircct electrical poives is produced by the ellectrsns; 

hcat deyositcd by the icns and alphas can be recovered by a thermal cycle. 
required far each OP the four ~ g i o i ~ s ,  based an 

a maximnm encrgy flux (input parameter). The electrical, power produced, effective radii 

also calculated. '"he thermal power is sent to the heat transport module Costs are com- 
puted based sollectcr area for each region, direct electrical power for inverting 
equipmsnt, a 011 vacuum pumping requirements. 

'l'k i ~ l o d ~ l  calculates the G O ~ ~ C C ~ O ~  

of thc CO1IGC&OFS, length of the direct c ertor, and size sf the enclosing vacuum tank ait3 

- 
liiis niadtile sizes rf or NBI heating systems to supply the required plasma supple- 

rrrcatzl heating in the ~ e n t r i h c ~ l l  and end-cell plasma regions. For tfie rf systems, the out- 
put includes required circulating power, efficiency, cost, and component- sizes consistent 
with availablr: space for access and rquircd power at the launcher. For the negative-ion 
NBS system. thc output includes circulating pewer, efficiency, cost, and thc oiiniher of 
SOUFCGS and associated currents to dcllirer the required power t0 the plasma. Heating sys- 
tem component characteristics, szach as powei supplies, amplifiiers, waveguides, launshcrs, 
and neutralizers are determined. Positive-ion heating systems are sot EOW included in the 
moduk Cut may be added later. 
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Vacuum vessel 

A vacuum vessel outside the solenoid c d s ,  end-cell C c d s ,  a d  direct c:onvcrtor is 
sized and costed. 

Tritium praeessiang 

The tritium m d u l e  ~ ~ t ~ ~ ~ n ~ s  mass 
fuel cycle based on input h r n  the 
using tritium neutrai beams during the bum 
systems are calculated. The cost of the trutiu 
without a breeder blanket. An ~~~~~~~~a~~~ 
areas (reactor hall, l a d  cell, tritium ~~~~~~~~ 

for the major tritium ~~~~$~~~~ and tritiwan recovery systems are ~osxrspded, 

system Is a6682mCd 3,; i 
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The ac power systems code module calculates characteristic design and cost data for 
the electrical power system needed to operate the reactor. This modiale identifies and c01.n- 
putes the cost for major equipment such as circuit breakers, switches, tramsformers, 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 cwd cells, but it docs 
include the switch gear and dc-to-ac invertors that interface with the main substation. An 
electrical power summary is generated. 

et electrical syste 

The magnet electrical module computes design and cost data for the power supplies 
and coil protection equipment of the central-cell and end-cell magnets. Design and cost 
data for power supplies, busing, load centers, dump resistors, di: ciirreni breakers: and 
associated local. controls and instrumentation are determined. 

Thls module determines the costs of process I&C, plasma diagnostic instrumentation, 
data transmission, dat processing, and consoles located in the control building. The cost of 
each I&C process and iagnostic includes both hardware atid software. 

In this module, I&C refers to the supervisory control and data system located in the 
main control building and the associated data links to local control and instrumentation. It 
does not include the local process control and instriamentation located near the reactor 
vault. 

This module consists of a list of reactor-cell and hot-cell equipment and unit costs. 
The user chooses the appropriate equipment for a particular device configuration from the 
c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ v e  listing. The size and cost of the equipment either scale with reactor parame- 
ters or are fixed. 

The facility module estimates the size and cost of buildings based on reactor size, 
thermal power from the blanket and other components, grass electrical ower output, and 
number and capacity of turbine generators. Facilities considered include reactor building, 
hot-cell building, tritium building, steam generator building, power supply building, CHYO- 

genics building, and central building. 
The costs of radwaste systems equip ent, miscellaneous reactor and balance of plant 

ent, and special materials are also estimated in this module. 
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8.1.4.2 INTOR 

INTOR technical neii t assessment 

In this phase of INTOR, one critical issue has been an evaluation of the technical 
benefit of dividing the design and component production tasks of a l  major advanced tech- 
ndogies among all of the participants. Two approaches were evaluated: ( I ) a "splitting" 
approach, in which each country provides one-fourth of the components of each major sys- 
tem (e.g., 3 of 12 T F  coils), and (2) a "branching" approach, in which each country pro- 
vides all of the components of selected major systems (e.g., one country provides all TF 
coils, blincstlimes country provides all torus sectors, etc.). 

In the constext of this study, the term "technical benefit" means the development of 
experience to permit advancing with the development of future 

fusion technology. Therefore, the concept of partitioning the design and fabrication of 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 following: 

magnets----TF coils and PF coils; 
nuclear-torus, first wall, test modules, divertor plates; 
heating-ICRH systems; and 
tritium---atmospheric tritium recovery. 

An evaluation was performed for each of the advanced major systems and components 
selected by the INTQK 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 development (R&D) were included in the incremental estimates to the overall project 
cost. 

The total estimated cost 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 and 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 buiiding 
the project nationally. 



a1 possible qualitative heCx:its WCPC idzntified for the splitting or branching 

Haviiig several veadnrs ilivolved ir, the fahricatiorl process could hc advantageous, par- 
ticclidrly i&xe the fabrication of a giwii c~mponent or system is highly 

* 

ilia1 and truly advancing the art 
ia us .  prnjczts sug :s that thc use of sclected veiidors may actually 

ie time or costs for a national pmject. IIaviing the entire international 
y of vecdons to choose from could makc it possiSlc to select the "best" ven- 

der. 
D~;~;lding oii thc diffi ty ami cor-crplcaity associatcd with a given advanced com- 
ponent system, thr risk of either splitthe "c branching could actually prove to be 

than that associated :*4h a national pioject approsch. Therefore, it would be 
cia1 to c i t h  blanch o i  split thc fabrication. 

, thc bene% from s t:ng or bzairching could counter- 
act the estirnatcd hcicase in cost and make the splitting or branching ~ ~ h ~ n t i ? e  very 
wort hu.Ke. 

rNl:13 activities for 1384 inciucled a study af thc zitical issuc of maintainabil- 
ity, to compare tl:c hciief'rts and costs of p nncl access rera intmmce procedures vs those 
of all-rrmotc ;nz;ntexance proc y uscd thc XNTQR P'hasc 2A baseline COA- 
iigui d t h i  a?  the basis for comparison. A. cwfigiiration based T- 211-rcnmte operatiotns for 
iilaintnining both thc intelndl a i d  entek cia1 icactor conrepxients has not been developed. 
I ilc I cfL-~ciici configura;inn cc b~ ndi f ie (1  to mxk' thc all-remote case by reducing 
the c;:itF,cJard shicldiiig by 52 c vith a cormqmdiilg rcdiiction in TB; coil bore. Howctver, 
this appoach x.vd5 iiot t a k a _ ,  Conzpleidia of thc modified design ~ ~ l d  include increased 
sLicl;liIig ~ e q i :  ircnea:s to prctxt  the 2rea oritside the reactor building, increased activation 
iii the reactfir F,uMi!ig, and increzsc? 1 F  coil heatkg. Thr study approach was to use the 
i;fci-encc desizn for both approaches and to compare them hy taking into account the 
iindirccd z~iivities and dosc rates, 3.ydstc disposal matzriak, estimated possible radioactive 

cnts, asse;~~;ly/dieasscii?~ly procedms and maintenance-related 
d w k i  downtirric, =ai ancz eqiiipmerlt requircmeots, tr itiiiin c o n t a i n ~ ~ n t  and ~ o n t r d ,  

cr bddiilg z i ~ d  sthcl- facility rqnirenxnts, capital and opcmtioaaal costs, and flexibil- 
ity of c:~z:atinns. 

Tht- control of radkctivc particdates is aii impnrtant consideration for maintenance 
opcx,;ioiis ~ i t h  both des@ For tire pt-,rssrrficl access case, activated particulates may 
rellder ha&-on opcratlons iiiiacce$hlc* foi thc. all-reaaw:tc tax, remote equipment may 

zssarily coidaminat;.,d. i dcc t ing  thc particulates in situ before: removing 
ents carl minimize tPe ?:tcntial for contaminating the reactor cell or mainte- 

nance crictipiext, If this i s  not sufficicrit, the arca m i l s t  be decontamiaatcd before hands- 
oil operations in ihc ? prncil; nust  be decsntaminatcd after 
1itaiiitc:mce i r ~  tlsr 211-remotr CFS. Ar: alternative approach is to remove device corn- 

Id $8 that loose particu- 
late inattsr is contzind alntil t k  conrponefit can be appropriately decontaminated. 'T'h'ls 

l i d  access cmc, and et 

ts into r A s  that are attachcl: (sea1d) to tl:c Ciltbsard s 
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evaluation of cos: data for consistency. The inte::i of these definitions is to record cost data 
obtained from fusion projects so that the data are directly useful in estimating the costs of 
future projects. 

Accurately estimating project costs requires considcsahle information in addition to 
the cor;aposaent purchase price. The casts incurred by component development, engineering, 
msnagemmt, and construction arc substantial. The Design Center has developed uniform 
dcfiriltioiis and procedures to estirnnte the total costs of future projects. The method is 
b a e d  largcly on sornni~rcia: power industiy practice but i s  sufficiently general to be used 
for next-generation experimental devices. 

The svcrall approach to assembling a prsjsst cort estimate consists of parallel project 
design and cost data activities, At thc onset of a project, a detai!cd code of accounts 

structure), compatible with the particular project, is dekidoped bzlow the 
mandstrsry !eve1 of the FEDC Code of Accounts. Thc FEDC Code of Accounts is applica- 
ble to all magnetica!ly confined fusion concepts (tckarnaks, mirrors, etc.) and project types 
(experimental device, power reactor) and is flexable with regard to contracting arrange- 
*,-' A i I 

to the cost estimate and submit standardized compnent subsystem drsign data sheets 
along with supporting material for their assigned elements in the: code of accounts. These 
co~poeent/subsgistem~t/s~~~$~~te~ design data sheets, in conjmction with the Cost Data Base File, 
form thc basis for the project cost estimate. The Cost Data Base File, which is a catalog of 
cost coefficicnts, algorithms, and component costs arranged in a standard forwit, is the 
prodilaci of the ongoing fusion cornpoisent cost data base activity. 

Cogvizant engineers are assigned the responsibility of providing the technical input 

cost rs$lwni,ating ~~~~~~~~~~~ 

The i'!owcharrt shown in Fig. 8.28 outlines the methodology for calculating the total 
constructed cost of a reactor plant or experinnental device. The cquipmcnt cost of a specific 
compocnt or subsystem is  first calculated using the design description and parameters list 
submitted by the cognizant engineer acd the cost data on a siriiilar component from the 
Cost Data Base FiPc. Enginecring cost and labm cost for the cornponent/subsystem are 
caleu!atrd using a percentage of equipment cost extracted from the Cost Data Base File. A 
design allow~rice i s  added to the subtotal. of csmponcnt/subsysteni cmgineming, equipment, 
and Pzbcx costs to acccuot for uncertainty in the estimate for: new equipment, The sum of 
ccpipment cost, engineering co~t ,  and labor cost (with design albwaeace) i s  the direct cost 
of thc component 01 subsysteni. The direct costs of all the components and subsystems in 
thc code of accoaints are summed to form the total direct cost of the facility, which 
represents those costs associated with a specific, permanent cornponeqt or subsystem in the 
p!ani. A separati: systems contingency is then determined for each major section of the 
facility. 

Foilir indirect coat elements are calculated, by sul-re'lenciit if necessary, using percent- 
ages of total direct cost extracted from the Cost Data Base File. These four elements are 
surnmed to fora;: the total indirect cost of the facility, which is defined as cost not identi- 

with specific, permanent plant facilities, equipment, or systems but incurred by the 
piojcct as a whole. The total direct and indirect costs are s~immed, and a construction 
contingency i s  added to acccssnnt for projcct aiccertainties. The sum of direct and indirect 
costs a d  csntingcacy is the total constructed cost of the facility. 
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Fig. 8.28. FEDC cost estimating methodology. 
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Cast data base ~~~~~~~~~~t 

Past experience has demonstrated that “bottom-up” cost estimates made at preconcep- 
tual design levels for devices on the leading edge of technology are consistently inac- burate, 
T h  traditional estimating method involves summing the cost of subsystem compownts, 
beginning with tlic smallest details aind combining these into larger and larger assemblies 
until the entire sthsystem is complete. The bottom-up method i s  an excellent method when 
the design has matured to a fine level of detail a id  tlie components are standard, off-the- 
shelf items with precisely known costs However, absrnce of a mature design at the precon- 
ceptual level makes total bottom-up cost estiniatirig very difficdt, at best, duc to the 
inherent lack of design definition and detail. 

IIhe FEDC Cost Data Base i s  being derived from actual cost experience within anid 
outside the f t i ~ b n  community and includes enginecring, cquiprnent, and labor cost data for 
specific components/subsystenxas, in addition to project-level indirect cost data. Major 
sources of cost data are 

0 

e fusion component development pzoj~cts, 
* fusion project cost estimates, 
8 

fusion projects now operating or unsde;. constrarction, 

industrial nianufacturers of fusion co~ponsnts/subsystelras, 
manufacturer’s quotes/price lists, and 
other nuclear projects, 

‘The extent and format of the cost data available €or a specific componeot depend on 
the component’s origin. If the coaiponernt is co*lmercially available, therm only the pnrchase 
price need be reported. If the component is specially fabricated, all applicable direct cost 
subelements (engineeying cost, equipmznt cost, labor cost) should be reported, Thcse 
subelenients depcaad on the contracting method-built to print7 built to specification, 
installed, etc. In some instances, fabrication cost and fabrication engineering cost can be 
reported separately, depending on whether the manufactuier directly charges fabricatiew 
engineering or includes it in overhead. 

The most difficult cost data to refine for iisc in picdicting thc cost of future projects 
are those from one-of-a-kind component development programs. Figure 8.29 outlifies the 
general methodology used to refine cornpsr:ezrt development cost data. Program-unique 
costs are quantified and mbtracted from the total ccntract cost to yield the cost of the next 
unit. Unique costs include costs incurred d i i ~  to imposed budget and schedule constraints, 
costs attributable to unique reqairenents that would not apply to prctdnctios, units, and 
costs due to problems that would not be acpeated on succeeding units, The cost of the next 
unit is then divided into recurring and nonrecurring cost el~ments. Subelements of non- 
recurring costs are engineering and tooling. Recurring costs include the cost of fabrication 
and the cost of fabrication support engiceering. The fabrication cost of the component or 
subsystem is broken down into its subelements, if necessary, and fabrication engineering is 
prorated among these subelements, In cases where fabrication engineering suppurl is not 
directly charged hy thc rnanafacturer, it should be included in the oveslpead rate applied to 
fabrication labor. An assumed learning curve is then applied i o  the saibolement cost, based 
on the desired quantity, and tooling cost is added to yield the cost of the production units. 
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This same methodology can be used, to a lesser extent, to refine cost ata feom ~ r ~ u c t i ~ n  
units. 

This file is a catalog of cost coefficients, cost algorithms, and (L~omponenk takeoff costs" 
formatted onto separate cost data sheets corresponding to specific eornponen 
terns. Each cost data sheet contains equipment, labor, and engineering cost 

tion to pertinent design parameters, for different configurations and types of the specilk 
coiraponent or subsystem. The Cost Data Base File is arranged to correspond to the FE 

After thexost data have been refined, they are recorded in the Cost Data 

Code of AcCounts. 

8.L4.4 AvaihbMty program 

An Availability Working Group was formed within the OFE in arch 1984 to con- 
sider the establishment of an availability program for magnetic fusion. The scope of this 
program is defined to include the development of ( I . )  a comprehensive data base, (2) 
empirical eorrela tions, and ( 3 )  analytical methods 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 )  projecthis of plant availability and ( 2 )  input to 
design decisions on maintai3ability arid system reliability requirements. 

The Phase I study group was conrmissioned at the Design. Center to ~ S S C S S  the status 
of work in prsgrcss relevant to the Availability Program. The scope of Phase I included 
sul-veys of existing data and data collection programs at  operating fusion facilities, the 
assessment of existing computer models to calculate system availability, and the ievielx of 
methods to predict and correlate data on czmponcnt failure and maintenance. 

The review of existing availability calculation models shows that they are sufficient to 
meet the needs of the fusion program. The deterministic model developed by the Electric 
Power Research Xnstitritc (EPRI) for advanced pow:- system applications, UNIRAM, is 
recommclmded for rapid assessment of the effect of design and input data changes on thc 
overall system avzilability. Two stochastic codes developed specifically for fusion systems 
(the University of Wisconsin and the FEDC models) are recorkmended for more detailed 
system analysis. These stochastic codes are capable of assessing more complex operating 
and maintenance scenarios, and they provide a morc realistic model of thc plant than thz 
deterministic code. 

It was found that the availability rnodels aie not routinely used in design studies and 
are not used to their full potential because the rnudels are already well advanced conipared 
to the availability and quality of the input data Rffective us': of the rriodels requires 
detailed design definition and realistic inputs for failure rates and repair times. Essential 
elements of the design definition are thc complete system and compoaienl definition, the 
identification of failure modes and consequences, arid the specification of the maintenance 
approach. The degree of definition in most preconceptual design studies does not warrant 
the use of a sophisticated availability model. The fuskan component failure and repair 
inputs to tke rnodcls at  present are estimates based Bargcly on the experience of persons 
familiar with the development of similar components. These data are useful for rougk esti- 
mates of plant availability or, as is more corninonly the case, for apportionments of the 
availability of each component to achiwz tke plant target availability. Sirnulation of 
mechanical motions by computer-aided design (CAD) kinematics software may hccorne the 
best s ~ u r c e  for maintenance data in the future This would allow an assessment of new 
designs without requiring physical mock-ups and wuuld be convenicntly 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 key issue in the data base assessment is whether it is worthwhile to collect data 
from existing experimcntal dcvices. Data should only be co1lccted to the extent that, and in 
a manner such that, the data will be of use. Potential USGPS of reliability, availability, and 
maintainability (RAM) data are those engaged in the conceptual design of next-generation 
devices and the operators of existing devices. 

Operating logs and other records are used selectively and irndividinally by experimental 
projects to identify dowritime drivers. L41though these devices do not have high availability 
as a goal, the projects are judged by the expeeinlent time accomplished. The need for 
centralimtion of the device RAM data is qumtionablc, because the devise-specific prob- 
lems are perceived to be more important than generic problems and because professiorsal 



8-67 

excltianges serve to identify generic problems. ~ ~ ~ ~ ~ ~ ~ ~ e h e n s ~ y e  collection of 
justified if the: cost of collecting the data is lcss than the value of the data 
mental project or if one of the objectives of the projed is to provide RAM data for future 
application The first condition is met y projects that are SO large, expensive, and con- 
trolled that a quality assurance and con ol program i s  ~ ~ ~ ~ e m ~ n t e ~ .  This is true of TFTR 
and will &e true of MFTF- , The second condition is met hy the technology development 
~ r ( ~ g r a ~ ~ ~  such as the Triti 

The long-term objectives of the ~ ~ a ~ ~ ~ ~ ~ ~ ~ t y  program, to project Iuusion plant availabil- 
ity and guide designs, will require a ~ o ~ ~ r e ~ e n s ~ ~ ~  data base. The value of data from 
current experimental projects is arguable, but these data are hetter than no data, if prop- 
erly used. Thc goal oE the fusion program is to provide the information required far the 

rivate sector to invest in fusion. A key element of this information will be the projection 
of plant a v ~ ~ ~ a b ~ ~ ~ t ~ .  Availability analysi should become as much a part of 
reactor design studies as cost analysis a istoricaily, availability analysis has 
been used to inrprove the performance of existing or fully characterized systems. It i s  
ambitious for the fusion program to intend to confidently predict the availability of a 
power plant before a full prototype has been operated. However, the capital investment 
required for a fusion plant s this projection, i n  the long run, the existence of a 
coniprehensive and validated ta base will hc: of high value to the fusion program. 

Systems Test AssemBaly (TSTA) and LCP. 

The Fusion Environmental Assessment Program provides technical assistance to the 
DOE-OFE in coordinatioai and preparation of National Environmental Policy Act 
(NEPA) compliance documents. ‘Fhe program is administratively part of the Environmen- 
tal Impact Section of the OWWL Energy ivision, 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 deveiopment of a generic 
environmental impact statement (GEIS), which is required by NEPA regulations as the 
national fusican program advances from basic and applied research to engineering develop- 
ment. In 1954,‘ a revised preliminary draft GEIS 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 SI pre- 
vious report.” The draft CEIS is expected to bz issued by DOE in FU 1986. 
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9. MATERIAL6 RESEARCH AND DEVELOP 1 

The Office of Fusion Energy Reactor Materials Program consists of four major task 
areas: Alloy Development for lrradiation Performance (ADIP), Damage Analysis and 
damental Studies (DAFS), Plasma-Materials Interaction (PMI), and Sps~ia 

research on the ADTP, DAFS, and SPM tasks. 

and have as their primary objectives 

Materials (SPM). The PMl research is reviewed in Chapter 5. This &apt, PI. covms 

Our ADlP and DAFS programs are concerned with fusion reactor structural materials 

1. to develop an understanding of the mechanisms involved in radiation damage and cor- 
rosion phenomena; 

2. to provide information on materials properties necessary for the design of sear-term 
fusion devices and for fusion power reactor conceptual design and trade stu 

3. to develop a sound technological basis for development of materials that will allow 
fusion to be developed to i t s  full potential. 

Our research on austenitic stainless steels has focused on development of ~ ~ c ~ ~ ~ ~ ~ ~ ~ ”  
tures that are stable at high temperatures to high irradiation damage levels and 
trap transmutation-produced helium on a very fine scale. Such microstructures s 
extend the incubation period for void swelling and increase the temperature 
helium embrittlement occurs, thus expanding the temperature-fluence design 
Exploratory research including basic physical metallurgical studies, irradiations in 
Flux Test Facility (FFTF), and dual-ion irradiations was initiated on manganese-stabili 
austenitic stainless steels, which are possible low-activation structural alloys. 

Research on vanadium alloys has continued to expand. Development of an a 
for introducing helium at elevated temperature using the “tritium trick” was ~ ~ ~ ~ ~ e ~ ~ ~ ”  
Helium was introduced into three vanadium alloys with no significant interstitial 
pickup. The three alloys (V-15 Cr-5 Ti, V-3 Ti-1 S ,  and VANSTAR-7) show 
responses of the tensile ductility and fracture behavior to the presence of 
results show that the resistance of vanadium alloys to helium embrittlement 
cantly improved through further alloy development. Samples are being irrad 
to investigate the combined effects of helium and displacement damage. 

alloys, HT-9 and 9 Cr-1 No, to neutron damage, with particular emphasis on impac 
tensile properties. To create radiation damage conditions similar to thos 
14-MeV neutrons (displacement damage coupled with helium product 
pioneered the technique of isotopic tailoring. To structural alloys, we 
selected isotopes that will enhance helium production during irradiati 
spectrum fission reactor. An extensive study of the effects of doping ferritic sttds wit 
small concentrations of natural nickel has established that the basic meta 

In the ferritic steels area we have continued to scope the response of OUT re 
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of the tempered martensitic structure is retained. Sets of doped and undoped alloys 
currently undergoing irradiation in the High-Flux Isotope eactos (HFIR) will allow us to 
explore, for the first time, the response of these promising aterials to high levels of dam- 
age (-100 dpa) and helium (-1500 appm). Subsequent experiments are planned using 
lower concentrations of 58Ni to stimulate helium production and identical concentrations of 
60Ni 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 ea1 remains to be done to 
investigate the ductile-to-brittle transition, high-temperature str gtb, 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 42) understanding the niechanisms 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 and Pb-Li as coolants/breeders have been 
established. In general, the compatibility of the ferritic steel is superior to that of the 
austenitic steel in the liquid-metal environments, The compatibility of vanadium alloys 
with I%Li and lithium is being addressed with prime emphasis on interstitial mass trans- 
port and reactions in dissimilar alloy systems. 

The DAFS research has focused on developing an understanding of the effects of 
helium on microstructural evolution, swelling, and mechanical properties. The research 
includes theory, modeling, and experiment, Helium is found to reduce the critical radius 
for bias-driven growth. In the design of swellin -resistant materials, the helium must be 

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 rnateri- 
als. This facility will provide temperatures and irradiation conditions similar to those at the 
magnets of a fusion reactor. 

................... ~ . . .. . . . .. .... . . . . . . . . . .. . .. . 

9.1 ALLOY DEVELOPMENT FOR IRRADIATION PE M ANCX 

9.1. I ~ w - A ~ ~ i v ~ ~ ~ ~ n  ~ ~ ~ ~ ~ ~ ~ ~ s - A ~ s ~ ~ ~ ~ ~ ~  

K. W. Corm,* E. E. Bloom, J. W. Davis,t K. E. Gold,* R. Little,** K. R. Sch~llltz,~~ 
D. L. Smith,** and F. W. Wiffen 

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 shallow 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 Angela. 
+McDonnell Douglas Astronautics Co., St. Louis. 
$Westinghouse Electric Corp., Pittsburgh. 

++GA Technologies, Inc., San Diego. 
$$Argonne National Laboratory, Argonne, Ill. 

** 
Princeton Plasma Physics Laboratory, Princeton, N.J. 

9.1.1.2 ‘The Development of Austenitic Steels for Fast Induced-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 camponents 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. hdan- 
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 is 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. B .1.3 ‘“The ~~~~~~~~~~ 

for Ft3.asian React 

R. L. Kllrch and E. E. RlOOlPI 

The Cr-Mo ferritie (martensitic) steels are leading caildidates for the structural corn- 
ponefits for future fusion reactors. However, irradiation of such steels in a fusion environ- 
ment produces long-lived radioactive isotopes that lead to difficult waste disposal problems 
once ah.= structure is ren-aoved from service. One method proposed to alleviate such prob- 
lems is thc devclopnzent Gf steels that contain only eheuncnts that produce radioactive iso- 
topes that decay to low levels in a reasonable time (tens of years instead of hundreds or 
thousands of ycars). For such a solution for the Cr-Mo steels, molybdeniim must be elim- 
inated lr7 addition, niobium must he maintained at extremely low levels. Tungsten i s  pro- 
posed as an appropriate substitution for molybdenum, and the procedures for developing 
Cr-W s t d s  analogous to the Cr-Ma steels are discussed, 

rn is added to improve elevated-teaperaturz strength and corrosion resis- 
tance for typc 315 compared to type 384 stainless steel. Strong carbideforming elements, 
like :itai?ium and niobium, are also added to these steels to improve creep strength and 
reduce streqs corrosion cracking, as well as to improve resistance to irradiation-induced 
swelling and Irelium embrittlemeat. This work shows that fairly pure TIC and NbC form 
in Ti- and Nh-stabilized versions sf ty jx  304 stainless steel (types 321 and 344, respec- 
tively); h m w x ,  the Ti-rich MC dissolves molybdenum considerably, whereas the NbC 
remains cowpositionaX8y quite pure when thesc phases form in Ti- and Nb-modified type 
3 1 5 stzinlcss steels, respectively. The modified ?ype 3 16 stainless steels depend 
ity of fine MC particles for their creep or irradiation resistance advantage over unmodified 
alloys. Differences in phasc stability may correlate witb differences in phase composition. 
For example, the Ti-rich MC would seem sensitive to molybdenum alloy content or forma- 
tion of molybdenum-rich phases, whereas the NbC would not. Such ideas can lead to alloy 
developrneEt strategies for properties improvement that would be unsuspected without 
analytical elcctran microscopy (AEM) phase analysis. 

Nimonic PE-16 was irradiated iii the HFIR to 4 to 9 dpa and 560 and 1000 appin Me 
at 430°C. Pcstirratdiatiom fatigue tests revealed a rcductioii in fatigue Me hy about a factor 
of ten 2t 430°C. In cotitrast to AIS1 type 316 stainless steel, no endurance limit was 
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observed. All irradiated specimens exhibited some intergranular fracture with an ~~~~~~~~~~ 

tendency toward "cleavagelike" intragranular fracture for low strain ranges. 

'Metals and Ceramics Division. 

9.1.4 Refractory Metals and Alloys-Abstract of "A Modified Tritium Triek 
Technique for Doping Vanadium Alloys with 

1). N. Braski and D. W. Ramey* 

V-15 Cr-5 Ti (wt %) and VANS'TAR-7 specimens before irradiation in FFTF. The 
modifications include (1) wrapping of the specimens with tantalum foil to minimize ~ x y -  
gen contamination and (2) a 400°C decay-time treatment to prevent van ad^^^ triti 
malion and to produce a 3He bubble distribution similar to that produced during c: 
temperature irradiation. Preiiminary results show that both modifications were ~~~~~~$~~~~~ 

However, the tritium removal step at IW"C was probably too excessive, especial:$ at 
higher helium levels, because large 3He bubbles formed in the grain bound 
severely embrittled the V -1.5 Cr 5 Ti alloy. Reduction of the tritium remw 
40Q°C should alleviate this problem. VAWSTAR-7 specimens consistently absor 
half as much tritium and subsequently contained half as much 3We as V-15 Ck-5 Ti. 
Implanting in vanadium alloys via the tritium trick offers a convenient technique to 
study the mechanism of helium embrittlement without irradiation and should provide a 
rapid screening method to help develop embrittlement-resistant vanadium alloys. 

A modified tritium trick technique was used to implant three different levels as" 'HH~ i 

'Operations Division. 

9.1.5 Martensitic Steels-Abstracts 

9.1.51 " ~ ~ ~ ~ ~ t e ~ - T e ~ ~ r a t ~ e  Tensile Properties of Irradiated 
2% Cr-ll Mo steel"7 

R. L. Kfueh and 9. 

The effect of neutron irradiation on the tensile properties of n o n n a l i z ~ d - a n . 9 - t z ~ ~ ~ ~ ~  
2% Cr-l Mo steel was determined for specimens irradiated in the Experimental 
Reactor (EBB-11) at 390°C to 5SOOC. Two types of unirradiated control specimens were 
tested: ns-heat-treated specimens and as-heat-treated specimens aged for 5 
irradiation temperatures. Irradiation to approximately 9 dpa at 390°C 
strength and decreased the ductility compared to the control specimens. Softening ~~~~~~~ 

in samples irradiated and tested at temperatures of 450°C, 500"C, and 550°C; the ~~~~~~ 

of softening increased with increasing temperature. The tensile results were ex 
terms of the displacement damage caused by the irradiation and changes in carb 
itates that occur during elevatd-temperature exposure. 
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en Size and Nic 
ties of PZ 43-1 MOVW Ferritic Steel"$ 

W. R. Corwin,' R. L. Klueh, and J. M. Vitek 

The ferritic steel 12 Cr-l MoVW is a candidate material for use in the first wall of 
magiretic fusion reactors. One of the primary concerns of matcrials in this application is 
service-iduced embritt!ement from aging and irradiation. Unirradiated Charpy impact 
data have been devel~ped o three typical heats of 12 Cr-l MoVW steel and an heats that 
have been modified with nickel atid chromium additions for subsequent simulation of 
heliurn effects of irradiation. The ductile-to-brittle transition temperature and the upper- 
shelf ewrgy were reduced by nickel additions. The addition of nickel while simultaneously 
maintaining a constant net C ~ I ~ Q ~ ~ ~ U I I I  equivalent caused the transition temperature to 
increase. The use of a subsize specimen is mandated by the small volume and bigh gamma 
Incating in high-flux research reactors used for very high fluencc irradiation experiments. 
'Therefore, an understanding of the behavior of the subsize specimen is important in 
predicting corresponding irradiation-induced transition temperature shifts and upper-shelf 
diops of fdl-size Charpy spccimens. Data are reported from subsize Chaspy impact speci- 
mensl and the full-size and subsize specimens are compare . The effect of specimen size on 
the upper-shelf eisergy of this material can be reduced better by volume normalization than 
by arca normalization. 

'MctaIs and Ccsamics Division. 

K. c:. Liu' and C. M. ~ o r i n g ,  ~ r . +  

In-vacuum fatigue tests were performed on commercially pure QFHC copper and 35% 
Au 65% Cu baaing fiiler metal at 308°C. Excessive recrystallization due to exposure in 
the 1025°C brazing temperature cycle was detrimental to the fatigue life of the base 
me:al; cold work was beneficial to the fatigue resistance. Triple-pint cracking and grain 
boundary sliding were the prevailing modes of fatigue failure observed in the full-size 
spceirnens. However, a mixed morphology of ductile and cleavagelike fracture was 
observed on the fracture: surface of the subsize specimen in which the grain structure 
appcare3 to have undergone a change because of the presence of surface cold work. The 
brarc has SUP@F~OF 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. 

+~u,im Energy Division 



9-1 1 

Austenitic stainless steels have been studied using lithium thermal-convection loops; that 
ic specimen examination without s ~ ~ n i ~ ~ c ~ n t ~ ~  disrupting the lithium flow. 

Weight change measurements were made as a function of exposure time to eharacteriLe 
the reaction kinetics of both the dissolution and deposition 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 ts adequately reflected the weight 
changes as a function of time at longer exposures. wever, weight changes ultimately 
approached a steady state, in which the d ~ ~ ~ ~ ~ ~ t ~ o ~  and deposition rates are constant (that 
is, the weight changes were linearly p r ~ ~ ~ r t i o ~ ~ ~  to exposure time). An Arrhcnius 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 conslstent 
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. 

9.2.2 

P. F. Tortorelli and J. 13. DeVan 

‘ ~ ~ ~ ~ ~ ~ - ~ e ~ a ~  Corrosion ~ ~ ~ s ~ ~ e r a ~ i ~ ~ ~  in AI IO^ ~ e ~ e ~ Q ~ ~ e n t ~ ~ *  

Liquid-metal corrosion can be an important consideration in developing alloys for 
fusion and fast breeder reactors and other applications. Because of the many different 
forms of liquidmetal corrosion (dissolution, alloying, carbon transfer, etc. >, alloy optimiza- 
tion based on corrosion 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 sodium and indicates how such corrosion reactions can influence alloy 
optimization. 

9.3 DAMAGE ANALYSIS AND FUNDAMENTAL STUDIES-ABSTRACTS 

9.3.1 ‘The Effect of Microstructure on the Minimum Critical Radius 
for Bias-Driven Growth ~ u r i n g  IrradiationWl2 

W. A. Coghlan* and L. K. Mansurf 

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 
accumulated 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 



critical quantities are. remarkably strong fenrncttons 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. 

9.32 ""Critical Radios mall Critical. Number of Gas Atoms for C h i t i e s  
cohsttsinirrrg a van der Wads Gasma3 

W. A. Coghlian* and I,. 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-induced 
transmutation reaction&. Gas rcduces the critical radius for bias-driven growth, and there is 
a critical number of gas atoms n', at which thc critical radius i s  reduced essential!y to 

zero. The significance of this is that the t h e  intcrval to the accumulation of ti; gas atoms 

may determine the time to the onset of biasdriven swelling where n i  is large. ~ i l  previous 
papers these critical quantities were given €or an ideal gas. Recently, we presented the 
results for a Van der Waals gas. Here the derivation of these relations is presented and 
further results of calculations are given. At low temperatures (high pressures) the results 
depart from those of the ideal gas, with the critical nlnnaber affected more strongly than 
the critical radius. Comparisons are made with earlier calculations. 

'Arizona State University, Tempe. 

+Metals and Ceramics Division. 

A rmormalized-and-teBPPpered Fe 9 0 - 1  Mo steel, rrrsdified with small quantities of 
niobium and vanadium, was bombarded with 4 M e V  iron ions to a nominal displacement 
lcvel of 100 dpa at temperatures of 4Q0°C, 450°C, 5Q0°C, 550°C, and 600°C. The major 
microstructirral damage feature created in the lathlike a-ferrite grains was dislocation 
tangles, which coarsened with increasing bombardment temperature. Sparse cavities were 
'nctciogeneQ\nsly distributed at  500" C and 550" (3. Incorporation of helium and deuterium 
siniultanesusly in the bomE-rardmerrts at rates of 10 and 45 appm/dpa, respectively, 
introduced very high coilcentrations of small cavities a t  all temperatures, many of t h a n  on 
grain bam~hr ies .  These cavities were shown to be promoted by h d i ~ f i ~ .  A small fraction of 
the matrix cavities exhibited bias-driven growth at 500°C and 55OoC, with swelling less 
than 0.4%. r h i s  is a very narrow temperature range for bias-driven swelling, It is about 
125°C higher than ;hc +ak swelling ternpcraturcs found in neutron irradiations, whic 
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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, and 
unbaianced cavity and 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 ernbrittlement tests. 

'Metals and Ceramics Division. 

9.3.4 uAaalyticai !%lutions for Helium Bubble and Critical Radius Parameters 
Using a Hard Sphere Equation of State-'' 

R. E. Stoller* and G.  R. Odette? 

Considerable theoretical and experimental work has verified the role of helium- 
stabilized bubbles as the precursor to void formation in fast-neutron-irradiated stainless 
steels. The concept of the critical bubble radius or critical helium number for bubble-to- 

conversion has received particular attention. A hard sphere equation of state is used to 
compute these parameters for a variety of irradiation conditions, and the results are com- 
pared with those computed using the ideal gas law. Simplified analyfieal 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. 

*Metals and Ceramics Division. 

+University of California, Santa Barbara. 
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The neutron transport program includes both experimental and anaHy%k phases. The 
experimental program is designed to provide the data necessary for t.er-iCyiag the a ~ l y t i c  
method and cross-section data used for fusion reactor neutronic 
Experiments are carried out to determine neutron and photon tran 
reactor shield materials and configurations and to d e ~ ~ r ~ ~ n e  the e 
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, 
ing Information Center has continued to supply a broad range of services to the fusion 
energy research community.. 

10.1 ABSTRACTS 

G. T. Chapman, G.  L. 
and J. M. Barnes 

cConnell," R. T. Santoro, R. G. Allsmilk, Jr., 

Integral experiments to 
to the transport of -14-M 
polyethylene shield configurations have been performed at ORNL. The 
experiments have been accepted as a fusion shielding benchmark by th 
Evaluation Working Group 
all of the experimental dat 
obtained at ORNL between the ex 

asure the energy spectra of neutrons and gam 
T ( ~ l , n ) ~ H e  through laminated stainless steel ip 

~~~~~~r~ Committee. The document inch 
a complete description of the experiments an  

rinnental data and calculated results, 

'Physics Division. 

10.1.2 Fusion Reactor S 
and Analyses' 

G. T. Chapman, R. T. ~~~~o~~~ R. 6. Alsmaa7liller, Jr., J. S. Tang,* and 

measure the energy spectra of neutrons 
e neutrons through a cyli 

Integral expetimen ts 
to the streaming of -14 
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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 dwu- 
rnent includes, in addition to all of the experimental data, a complete description of the 
experiments e id comparisons obtained at ORNL between the experimental data and cal- 
culated results. 

'Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc. 

.1.3 Calc~la~iof t$  to Evaluate the Use ofthe Attenu tion of D-D Neutrons in 
Liquid Oxygen BS a Means of ~ e ~ ~ ~ ~ ~ n ~  P l ~ ~ ~ a  loft 

R. G. Alsmiller, Jr., R. T. Santoro, J. F. Manneschmidt, and J. M. Barnes 

The ion temperature of a deuterium plasma with a Maxwellian distribution may be 
determined by measuring the transmission of the D-D neutrons, i.e., neutrons produced by 
the reaction D + D - n + 3He, through liquid oxygen. In practice the measurement 
requires both collimation and shielding to ensure that the attenuation of only those new 
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 is that of the 
Impurity Study Experinient (ISX) at ORNL, but the results will provide insight into the 
application of the measurement method at other plasma facilities. Results are presented for 
B-D plasma temperatures of 2, 6,  and 10 keV and for two sizes of NE-21 3 detectors. It is 
concluded that the counting rates are too low to make the measurement feasible at ISX. 

R. T. Santoro, J. E. White, and J. D. Drischler* 

A 174-neutron-group activation cross-section library for 233 ground-state target iso- 
topes and 22 isomeric target isotopes is described. The library, ORACT, was derived from 
the ACTL Evaluated Neutron Activation Cross-section Library and was developed for use 
with existing computer codes that calculate induced 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 Distributions for Neutrons from the T('d,n)'He 
Reaction (Ed = 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(d,n)4He 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 PROCESSING FOR FUSION NEUTRONIC 
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 Pr0gra.m 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 63Cu and "Cu 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 Hetrick, 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 '*Ni, %Ti, and 52Cr in a 
manner similar to that for preparing the evaluations for 63Cu and %u. 

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 ENDF/B-V.'O 

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-I1 comput- 
ing technology are also available from the Radiation Shielding Information Center at 
ORNL. 



R. W. Wonssin, 19 K. Trubcy, J. b. White, and J L. Bartlcy 

The Radiation Shielding Information C e i  (RSXC) SCB^VCS a n  interfiaiional commun- 
ity by responding to inquiries about radiation irairspr t problems. Staff members provide 
guidance by drawing on a technical data bas? that ifieludes a coiiiputerized literature file, 
a cn1lcc:;isn of complci, computer programs, and a subs$aantial body of muclear data 
libraries pertiinent to thc solution of such probkans 

Acquiring the needd  cornpartc,r-based tecbi-xobgy basc: rcquires the collaboration of 
the zeutroniis cornmunity ~ 4 t h  RSIC staff iue:cabr:rs to collect, organize, process, evaluate, 
md packagc relevant technology developed in thc community. 'I h s  teclinology is dissem- 

out thr community with a mecbaiiis*'ii for feedback of experience through 
usage: which rcsuits in an innproved preduct. 'The resulting tech iwlsgy base provides an 
overall advancement of the state of the art. 

A selected few of the products of this iafurmatioa cycle t , a t  are relevaat to flaslon 
ncutronics arc listed bellow. AB updated vcrsioii of the ;I1dtig;roup Monte Carlo code 
(CCC-203/MORSE-C@)' was provided by ORNL, aiid ;,os Al?mos National Laboratory 
( IANL)  provided thc latest versioli of their point Monte Cailo code (CCC-200/MCNP).'2 
A new version of an atcmic displ~fcevent cod;: (PSR-1 37JM,4RI[,0WE)'3 was contributed 
by BKNL. A cross-seictitsi~ hiild~iag routine ~IP?;R-~~~/~RP.,NSX-CTR)'" for muItigroup 
data ir MAXXS format wax placcd in KSIC by L A N  l h c  Japan Atomic Energy 
Rcsearch Institute updated a x - 4 1  O/T%H a dose calcnllation system for fusion facil- 
ities, and tlw LJnitcd Kingdom Atomic Energy Aaathority coiltribated an updated version of 
their evahiatc:! natron csoss-seetion library (P)I,C-107/UM~DL-81).15 

rhis s:!cciioii reprcsrnts only a small portion of the ;otd activity of the center. Infor- 
mzt,ion pracwing (including cwaluatioil an3 packaging) i s  a daily concern. In additio~ to a 
comprchcasive literature data base, RSiC-packaged products include 1 15 data packages 
( O I C ) ,  4.54 ~inciaironics and shielding codc packages (CCC) ,  and 208 data processing and 
othcr wisce!!aneorns code packages (PSW). 
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15. H. Iida, THIDA: Dose Calculation Syslerns for Q Nuclear Fusion Facility, 
OWNL-tr-47 1 (JAERI-M 8019), Union Carbide Corp. Nuclear Div., Oak Ridge Natl. 
Lab., 1978. 

16. 9. S. Story and K. W. Smith, The 1981 Edition of the United Kingdom Nuclear 
Datu Library-A Status Summary, u n ~ ~ ~ ~ i s h e d ,  198 I. 
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11. GENERIC MAGNETIC FUSION REACTOR ANA 

SUMMARY OF ACTIVITIES 

The economics of magnetic fusion will be an important factor in the acceptance and 
commercialization 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 is a tremendous one, but we are confident that it can be met 
through a continuing conirnilment to the development of fusion as a source of energy for 
the future. 

Over the past decade, numerous articles have been written discussing the potential 
ch;onomics 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 prohibitively 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 study has laem undertaken at 
ORNL of whit we call a “Generic Magnetic Fusion Reactor.” This reactor includes all of 
the coinponen ts of the various types of magnetic fusion reactors-among them, supercon- 
ducting coils, lithium breeding blankets for tritium production, plasma heating systems, 
power supplies, fuel cycle components, shielding, remote handling equipment, buildings, 
generators, and cvoling towers. However, the reactor is not any particular configuration, 
and it serves to emphasize what is common to all configurations. It is based on conserva- 
tive assumptions about the reactor form and about the costing. Thus, the su 
coils invoked are close to those available today. Their cost is based on today’s costs, even 
though it is 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 distances, 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 thc self-cornsistent requirements for a fusion reactor: how 
small must it bc in order to compete with fission systems in the 21st century? The finan- 
cial requirement is that the COE, in 1984 dollars, should he about 0.045 0.055 $/kWh(e). 
This is comparable to present fission and fossil costs, which typically rangc from 0.035 to 
0.045 $/kWh(e> at the power plant output. We arguc that at  this stage it is necessary 
only to show that fusion is in the same ball park. The potential environmental advantagw 
of fusion, coupled with the eventual increasing cost of fission and fossil fuels, will be :he 
deciding factor in a choice. The 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. They support the argu- 
ment that many of tht: earlier fusion reactor reference designs were too big -typically, the 
weight of thc fusion island was 25,000 tonnes for a 1200-MW(e) plant, Such plants have a 
COE of 0.07 0.08 $/kWh(e> in this model. By the same token, the study shows that 
fusion can be an attractive alternative if the fusion island weight is reduced to about 
10,800 tonnes for a 1200-MW(e) plant, as shown in Fig. 11.1 and Table 11.1. An interest- 
ing result from the model. is that smaller fusion power plants down to 300 MW(e) could be 
competitive in multiple units. 

ORRII..-DWG 81 -3509 FED 

FUSION ISLAND / 
... - 

8U I L D I N G S-ACT I V E -------- 
__IC-- 

FUEL CYCLE 
--_I_ -. 

0 P E RAT I 0 N S - MA I N TEN AN C E - 
BALANCE OF PLANT 

10,000 20,000 3 0,000 

MFI (tonnes) 

Fig. 11.1. COE v s  mass of fa~sion islara 
cost IPS the mass decreases, 
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Table 11.1. Parameters of improved fusion reactors with ~~~~~ power P, of 3750 MW(t) 
1̂  . I -- 
Electric power, MW(e) 1,236 1,236 1,217 1,217 1,217 1,217 1,236 
Auxhilry power to plasma, MW(e) 50 50 100 1 00 100 100 50 
Naxinium coil magnetic field, T 9 9 9 9 9 9 S 
Retu ( p i  0.10 0.10 0.10 0.08 0.10 0.08 0.12 
Major radius R 6.44 6.50 6.83 7.18 7.49 7.84 7.87 
Minor radius u 1.61 1.08 1.14 1.44 1.07 1.31 0.98 
R / n  4 6 6 5 I 6 8 
Ellipticity 6 / a  1.6 2.0 1.6 1.6 1.6 1.5 2.0 
Mass, tonnes 9,160 8,600 8,640 9,880 8,710 10,260 8,640 
Volume, m3 2,340 2,080 1,970 2,500 1,970 2,500 1,970 
Ratio of mass to thernial power, 

tonne/MW(t) 2.44 2.30 2.30 2.63 2.32 2.74 2.30 
Ratio of thermal power to volume, 

Neutron flux to first wall, 

COE, $/kWh(e) 0.0522 0.0474 0.0558 0.0573 0.0589 0.0558 0.0472 

MW( t)/m’ 1.6 1 .s 1.9 1.5 1.9 1.5 1.9 

MW/m2 4.5 5.1 5.5 4.5 5.9 4.6 5.1 

1,217 
100 
10 
0.08 
7.05 
1.18 
6 
1.6 
10,610 
2,500 

2.83 

1.5 

4.8 
0.059 1 

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 dcvelopinent 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 af configurations, including the tokamak, stellarator, reversed-field pinch, and tan- 
dem mirror, for exampk. 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 substantial progress in the development of the required 
materials and heating and fueling systems. 

The gcneric reactor model has been reviewed widely by other fusion laboratories, by 
universities, a n d - 4  particular importance-by industries and utilities. Although many 
valuable suggestions have been made to improve the model, there has been no disugree- 
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 corn- 
ponenis (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 QCCW until 
the 21st century, so that it will be possible to have a choice, 
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12. ANAGEMENT SERVICFQS 

The Management Services Section supports the programmatic research and de velap- 

general personnel administration, material and service procurement, subcontracting, 
and coordination of national and international agreements; 
nonprogrammatic engineering services for support systems and equipment, 
and coordination of general plant project and facility improvements, m r d i  
maintenance and machine shop work, labor relations, and telecommunications; 

ment activities of the Fusion Energy Division. Areas of support include the following: 

0 financial management; 
library services and resources; 
publications services, including editing, word processing, graphic arts, and repr 
tion; and 
safety, emergency planning, and quality assurance. 0 

Support is provided through interpersonal relations with division programmatic staff an 
through coordination of support resources from a variety of disciplines outside the ~ ~ ~ ~ s ~ ~ ~ .  

12.1 OFFICE OF THE iVMNACER FOR GENERAL ADMINISTRATION AND 
PROCUREMENT 

12.1.1 Personnel Functions 

Travel and off-site assignments increased significantly during 1984. There were 18 
long-term assignments (foreign and domestic). Apartments near Princeton Plasma Physics 
Laboratory (PPPL) were rented to accommodate personnel involved in accelerate 
cooperative research between ORNL and PPPL. 

Attrition from the division was heavy. There were 5 retirements, 5 transfers to other 
ORNL divisions, 16 resignations, and 1 death. This resulted in a net loss of 20 e ~ ~ ~ o y ~ ~ ,  
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 sponsorship of 
the Oak Ridge Associated Universities (ORAIJ) program. Assignments were processed for 
108 scientific guests and subcontractor personnel. Of these, 53 were foreign ~a~~~~~~~~~~~ 

The summer program was reduced to five technical students, one faculty member, an 
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28 were with the Large Coil Program (LCP), 13 were with the beryllium limiter experi- 
ment carried oirt for the Joint European Torus (JET), and 4 were involved in the colla- 
boration between the United States and Spain. 

The usual activities of person el matters and security items continued. 

12.1.2 s tracts 

Industrial participation through subcontracts cost approximately $ 1  5 million. Phasing 
out the contracts for coils for thc LCP i s  represented in this cost. Contracts for microwave 
sources with Varian and industrial contracts for the Fusion Engineering Design Center 
(FEDC) continued. Many subcontracts were terminated, and others were greatly reduced 
for FY 1985. Personnel associated with the closed-out subcontracts have left ORNL. 

With the arrival of the coils fro Japan, Switzerland, and Germany and the two 1J.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 been implemented. A 
contract for a beryllium limiter experiment on the Impurity Study Experiment (ISX-S) 
was executed, This international collaboration for JET was very successful. Administrative 

A new agreement between the United States and Spain was also implemented during 
matters went smouthly. 

this reporting period. 

During 1984, the procurement group processed 1397 requisitions, representing- a dollar 
value of approximately $4.1 million. Processing of 42 I shipping orders was completed. This 
included major loan agreements of equipment to PPPL, the Massachusetts Institute of 
Technology (MIT), and TRW, Inc. ‘I’he group assisted in imglementiag special procure- 
ment for the Japanese and Swiss site representatives to the LCP. 

12.2 ENGINEE HNG SERVICES 

‘I’he Engineering Services Group coordinates all engineering work performed in the 
division. This includes providing or directing the engineering for all nonprogrammatic 
work, coordinating maintenance and machine shop work, supervising the inventory and 
storage of materials, and coordinating telecommunications. The group also oversees ail 
General Plant Projects (GPP), Multi-General Purpose Facilities (MGPF), and Line Item 

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 engineering and bidding arid awarded a fixed-price contract on the con- 
struction and installation of a new cooling tower atid heat exchanger (MGPF). ‘This 
will improve the reliability of the demineralized coding-water system in Wldg. 9201-2. 
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2. Completed design, awarded a contract, and completed installation of instrumentation 
and controls on a demineralized cooling-water system for Bldg. 9204-1. 

3. Completed design and awarded construction (to Rust Engineering) of the elwtrical 
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 imprave the rtlia- 
biiity of the overall electrical system. 

4. Completed hookup of the broadband video-data link to Bldg. 92Q1-2, 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 com- 
munications between X- 10 and Y -  I2 and within division facilities. 

5. Continued to improve general appearance of division building by adding new entrance 
to Bldg. 9201-2, installing new tile in hailways, painting selected areas, and continuing 
to remove obsolete equipment from buildings. 

6. Assisted in the installation of three coils for operation of the International Fusion 
Superconducting Magnet Test Facility. This involved the coordination 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. 

7. 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 ORNIL, Y-12, and the 
Oak Ridge Gaseous Diffusion Plant (ORGDF). Several small jobs were placed ouEside 
in local shops. This does not address the large fabrication efforts on LCP or 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 QRFDF 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 QRNL 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 ~ n f o r ~ a ~ ~ o ~  a h u t  books, 
journals, and recent reports in the entire library system. The system gives 
the work and whether or not it is on the shelf. The data base can be searc 
title, subject, report number, keyword, and other identifiers, A tutorial brochure, “A Guide 
to Using LION,” is available at each terminal, and library staff are: helping users to learn 
the new system. Remote access to LION should become available in 1985 and will a1 
users to access the data base from any terminal using “System Select” or a dial-amp line, 

and assistance with references. The amount of on-line searching increase 
1984. The library has also been working closely with the fusion specialis 
of Scientific and Technical Information to improve the coverage and a ~ ~ u ~ ~ ~ ~  of fusion 
literature in the DOE RECON Energy Data Base. 

The library continues to offer traditional services, including on-line literature retrieval 

12.5 PUBLICATIONS OFFICE 

More than 43,400 pages of reports, articles, conference papers, and graphics were 
edited, composed, drawn, and processed in the division publications office during 8984, T 
editors, compositors, and graphic artists processed nearly 193 pages each wor 
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(based en an average 225-day work-year), As shown by Table 12.2, this collective effort 
arnouiated to more than 25,000 work-hours, including 1,143 overtime hours (mostly con- 
tributed by the graphic arts and composition groups). 

The publications office handled 362 separate jobs (Table 12,3) from division authors 
during the pabt year, including journal articles, conference papers, reports, presentation 
posters, full-color renderings, and viewgraphs, an cleared 2 1 5 abstracts. 

the publicatiom office has continued to 
make efficient usc of the IS/l WNIX’ Text Management System instituted in the c~ffice in 
1982. The system incl es a TEDI-t(s-UNIX conversion program that allows transfer of 
files frena division co tcrs to the Publications Office for on-line editing, word process- 
ing, and outputting. 

‘The graphic arts (GA) group produced more than 2108 new original, drawings in the 
part year (Tablc 12.3); the: total volume of work processed by the group was over 18,600 
units [including more than 12,400 camera (Pos) copies]. 

’I’Re computer graphics program brought into full use in the last half of 1983 has con- 
tinued to increase the efficiency of the GA group. During 1984, the illustrators ~~~~~~e~ 
500 publicatiorm-qPPality drawings and visuals using the MAPPER program. Using the Tek- 
trianix equipment-a 4054 terminal and digitizing tablet, 8 4 1 14 terminal and digitizing 
tablet, and a 4431 hard-copy unit for proof copies -the illustrators send raw, digitiml, or 
enhanced data to the FR80 camera for final ~ l a ~ ~ - ~ ~ ~ - ~ ~ ~ t e  or C Q ~ O ~  output. Color slides 

The composition (word proccssing) group 

Service 
page8 

Graphic arts 5,399 1 1,054 
Editing 5,758 4,331 
Proofreading 14,418’ 934 
Composition 6,29F 8,208 
Makeup 2,272 346 
Quality assurance 9,279 230 

43,425 25,103 

_- 

a”Scr~ice pages” indicates the total number of pages handled by each 
functional group (e.g., editing). Pages corrected or reprocessed as a result 
of publications office error arc nol counted more than once. 

’Abnormally large figure results from addition of proofreading pages 
from a two-year project completed in the summer of 1984. 

‘About 90% of the service pages in the composition category were 
first converted from TED1 to UNIX by the publications office camposi- 
tors. 



577 

3,042 
551 

12,%6 1 
2,552 

>2,2 

"Number of jobs processed, wittauwe regard to size of job, includes 2 15 
through the work reception office. 

iginal drtld rzvised dr-a-sviwgs. 
'Includes original artwork fols view graphs and slides. 
'~nc~uc~es glossy prints and view graphs. 
'Includes -posters, poster titles, signs, report covers, nameplates, diazo, 

etc. 

can be made very inexpensively on the F 80 (for less thsn the cost of black-and-white 
viewgraphs). 

- 

%NIX i s  a trademark of Bell 1,aboratnries. 

12.6 SAFETY, 

The division safety prograna ~ n c ~ ~ ~ ~ d  monthly safety inspections by individual sections 
and quarterly safety inspections by an ~ ~ ~ e ~ e n ~ ~ n t  inspection committee comprising the 
division safety officer, Y- 12 safety representatives, and Y-12 Maintenance supervision. 
Monthly fire inspections were performed by professional fire inspectors. Six safety training 
sessions were held, at which attendance was mandatory for all division personnel. 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 new alarm system was designed 
and installed in Bldg. 9204-1. Emergency training was continued, using American Red 
Cross instructors, to ensure maximum response to building erncrgencies. 

The division's QA program continued to improve during 1984. Following the death of 
the division QA manager in an automobile accident, a search for a qualified replacement 
was carried out. During the last quarter of 1984, a new QA manager and an additional 
QA engineer were hired. 

During the year, A audits were conducted at vendors' sites and within the division 
on specific projects. The egartment of Energy conducted an audit of the division QA 
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program aid made several recommendations for improvement to both the division and the 
laboratory. 
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ICH 
ICRF 
ICRH 

IEA 

INTOR 
ISX 

ISX-B 
IVSWR 

JAERI 
JEN 
JET 

KFA 

LM 
LHCD 

LCP 
LCTF 

LI F 
LION 
LLNL 

MDAC 
MFE 

MFECH 
MFEnet 

MFTF-CY + T 
MFTF-€3 

MGPF 
MHD 
MHF 
MIT 

M&S 

NAP 
NBI 

NBT- 1 M 
NLTNIF 

NMFECC 
NRFRD 

NYU 

0-mode 
ODE 
OFE 

OFHC 
OH 

OMA 

ion cyclotron heating 
ion cyclotron range of frequencies 
ion cyclotron resonance heating 
International Energy Agency 
International Fusion Superconducting Magnet Test Facility 
International Tokamak Reactor 
Impurity Study Experiment 
Upgrade of ISX 
insertion voltage standing-wave ratio 

Japan Atomic Energy Research Institute 
Junta de Energia Nuclear 
Joint European Torus 

Kern forschungsanlage 

lower hybrid 
lower hybrid current drive 
Large Coil Program 
Large Coil Test Facility (now IFSMTF) 
laser-induced fluorescence 
Library Information Online Network 
Lawrence Livermore National Laboratory 

McDonnell-Douglas Astronautics Company 
magnetic fusion energy 
multiple-frequency electron cyclotron heating 
NMFECC network 
upgrade of MFTF-B 
Tandem-Mirror Fusion Test Facility 
Multi-General Purpose Facility 
magnetohydrodynamic 
m agne toh yd r ofr ic t ion 
Massachusetts Institute of Technology 
Magnetics and Superconductivity 

network access port 
neutral beam injection 
Nagoya Bumpy Torus 
National Low-Temperature Ion 
Irradiation Facility 
National Magnetic Fusion Energy Computing Center 
National RF Research and Development 
New York University 

ordinary mode 
ordinary differential equation 
Office of Fusion Energy 
oxygen-free high-conductivity 
ohmic heating 
optical mass analyzer 
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ORAU 
ORGDP 

ORNL 
ORR 

PRX 
PDE 
PDX 

PF 
PLC 
PLT 
PMI 
PM'T 
PPPL 

QA 
WBS 
RDE 

rf 
WFP 

RF'IE 
RPI 

R&D 

SARA 
SI'IEX 

SPM 
SKO 
STX 

Symmmotron 

TF 
TFCX 
'IF'TR 

TPI 

IJSC 

VCL 
VF 

vsww 
X-morfe 

YAG 

8-D 
1-D 

1 Yz-D 
2-D 
3-D 

Oak Ridge Associated IJniversities 
Oak Ridge Gaseous Diffusion Plant 
Oak Ridge National Laboratory 
Oak Ridge Research Reactor 

Poloidal Bean Experiment 
partial differential equation 
Poloidal Divertor Experiment 
poloidal field 
progaainnsable logic controller 
Princeton Large Torus 
Plasma-Materials Interactions 

Princeton Plasma Physics Laboratory 

quality assurance 

Rutherford ion backscattering 
resonant double loop 
radio frequency 
reversed-field pinch 
Radio-Freyaiency Test Facility 
repeating pellet injector 
research and development 

single-aperture reflex arc 
surfacc ionization by transverse extraction 
Special-Purpose Materials 
short-range-ordered 
Spherical Tokamak Experiment 
symmetric modular torsatron 

toroidal field 
Tokamak Fusion Core Experiment 
Tokamak Fusion Test Reactor 
tritium pellet injector 

User Service Center 

vapor-cooled lead 
vertical field 
voltage standing-wave ratio 

extraordinary mode 

yttrium- aluminum-garnet 

zero-dimensional 
one-dimensional 
one-ann-aoe-half-dimsnsional 
two-dimensioiaal 
three-dimensional 

photomultiplier tube 
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J. H. Harris3 J C .  Cantre18, J. A. Rome, and A. J. Wcmtton, ‘Divertor Schemes for thc ATF Tor- 
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R. A. Langley, “Measurement of a-Particles in Fusion Devices,” p. 1309 
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Schmidt, A. L. Roquemore, H. Towner, K. M. Young, and S. D. Scott, “Ion Heating ita TFTR 
Ohmic Discharges,” p. I384 
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r) E. Schechter, W. R. Becraft, S. K. Combs, M. M. Menon, S. L. Milara, F. SIuss, and C .  C. 
Tsai, "Tests of Materials on Actively Cooled Tubes for Faraday Shields," p. 1221. 
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Diamagnetic Currents in Hot Electron Rings Produced by ECH in Mirrors (Elmo) or Bumpy 
Tori (EST),” p. 1414 
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M. Murakami, G. H. Neilson, and A. J. Wootton, ”Particle Confinement in ISX-B,” p. 1351 
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Proceedings published in J. Vuc. Sci. Technol. A 3 (31, Pts. I and II (1985) 
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P. N. Haubenreich, W. A. Fietz, W. H. Gray, R. K. Kibbe, and 9. R. Miller, “Engineering Super- 
condncting Magnet System for Fusion Reactors” 

ps Los A n g ~ l e ~ ,  California, ~~~~~~~~ 16-17, 1984 
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