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Pre face 

The design of the MST (Madison Symmetric Torus) experiment is an 

ongoing process which began more than a year ago and will continue 

t hroug hout the construction for several years. The project is p redicated on 

a schedule which involves design and construction done in parallel, as made 

possible by the construction o f  various parts i n  series. This report 

describes considerations whic h have entered the design to date. All 

sections are necessarily incomplete and will evolve and change continuously 

as t he design proceeds. The enclosed in formation s hould be interpreted 

accordingly. Concomitant with ea rly documentation o f  this design 

in formation, is a rough appearance which includes unpro fessional figu res and 

imper fect phraseology; however, the technical content does accurately 

re flect the status and philosophy o f  the design at this point in time during 

t he project. 

MST Design G roup 

December 5, 1985 
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MST TECHNICAL DESIGN CONSIDERATIONS 

1. Introduction 

1.1 Objectives 

The primary objective of the MST (Madison Symmetric Torus) 

experiment, as described in detail in the original proposal, is to 

examine the effect of the boundary condition of the RFP on stability, 

fluctuations, sustainment, confinement and transport. The 

clbse-fitting conducting shell is believed to be essential to the very 

existence and sustainment of the RFP state through its role in 

stability and the dynamo effect. However, it also constitutes a major 

constraint on RFP reactor design. In order to achieve the objective of 

MST we. have designed the device for expeditious exchange of the plasma 

boundary (shells of different thickness and spatial structure) and for 

easy diagnostic access for measurement of relevant quantities such as 

fluctuations. In order that comparison of plasmas bound by different 

shells be a valid exercise, it is necessary that the plasma physics not 

be dominated by extraneous effects; and to this end, we have taken into 

account the experience on the various RFP devices around the world to 

design a high quality device with minimal field errors, high 

cleanliness, up-to-date methods for voltage programming, gas-handling, 

and so on. 



The second planned objective of MST , to be implemented later in 

the program ,  i s  to t rack stabili ty and confinement as the plasma 

configuration is var ied from RFP t o  non-rever sed pinch t o  tokamak . 

Such a comp arative study will enhance unders tanding of axisymmetric 

toroidal confinement in general , as we ll as the RFP in particular . 

This second objective has no impact on the engineering design presently 

undertaken s ince it  only call s  for an additional power s upply to 

increase the toroidal magnetic field to at tain the tokamak 

configuration . If this configuration s can were not proposed , the 

present design would remain the same . 

1 . 2  Expected Parameters 

As suming a s tate-of-the-art approach to the many details that 

affect machine operation such as vacuum surface conditions and magnetic 

f ield error s , the machine performance will be determined primarily by 

i t s  s ize (ma jor and minor rad ius) and by the ava ilable volt-second 

swing of the iron core . Since our goal is not t o  test s caling laws or 

to achieve record parameters , we need only convince ourselves that for 

a range of plaUSible assump tions , the exp ected parameters are adequate 

for the pr oposed research . In this section we present our bes t  

estimate o f  the performance capability of the machine with a thick , 

32-cm radius shell. In the next sec tion we will examine plausible but 

more conjec tural pos s ib ilities . 
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The elec trical per formance of the machine ( plasma c urrent 

waveform ) has been deduced from an electrical c i rcu i t  model similar to 

that used by Culham and Los Alamos and des cribed in detail in sec tion 

3.4 . 1 . T he physics input to the model which is subject to debate i s  

the plasma resis tance ( both during sta�tup and i n  the f lat top ) , the 

internal p l asma i nduc tance ( as determ i ned by the c urren t dens i t y  

profile ) , and the coupling o f  the poloidal and toroidal field cir c uits 

through the p lasma. In al l cases, we have scaled geomet rical l y  from a 

200  kA, ZT- 4 0 dis charge, as suming a modified Bessel function model wi th 

a similar current- density profile. T he predic tion is that the 

dis charge wil l  carry 400  kA for a nominal 4 0 msec duration. From the 

c urrent and t he size one deduces the p lasma parameter s from empir i cal 

s caling laws ( Te/ I p = const, 

2 3 / 21 ) V�a Te I pRo = const , and 

8p = const , L/Te
3 / 2a2 = const, 

the resul t s  are shown in Table 1 . 1 .  

1 . 3 Per formance Lim i ts 

The u l t i mate machine per forman ce woul d p resumab l y  oc cur for the 

no- shel l case with a ful l a = 52 cm rad i us plasma. In this case the 

inductance i s  es timated to be 1 .7 �H, and thus al lowing 0. 3 weber s 

r es i s t i ve loss during s tar tup and ramp up, the u l t i mate c urrent l im i t  

for our 2.0 vol t-sec cor e  i s  - 1  MA. For s uch a case, the current would 

be ramped up to its peak val ue in - 20 ms ec, whereupon the core wou l d  

sat urate, and the cur rent would decay wi th the L /R time o f  the plasma 

which could be as long as 6 0 msec. If the emp i rical sca l i ng l aws 

continue to apply, one might then expect Teo = 1 keV and LE = 20 msec. 
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TABLE 1.1 

ESTIMATE OF RFP PLASMA PARAMETERS 

Major radius: 

Minor radius: 

Toroidal plasma current: 

El ectron temperature: 

Electron density : 

Confinement time: 

Plasma inductance: 

Po loidal flux: 

Toroidal loop voltage: 

Nominal pulse length : 

Average toroidal field:  

Toroidal field at wall: 

Ro 
= 1.56 meters 

a = 0.32 meters 

Ip 
= 400 kA 

Teo = 400 eV 

n = 3 x 1019 m-3 

't'E 
= 2 ms ec 

Lp 
= 2.7 i.J.H 

� = 1.1 volt- sec 

V.R. = 20 volt s 

T = 40 msec 

<B�> = 0.19 t e s la 

B�w = -0.016 t e sla 
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On the pessimistic side, if the plasma resistance wer e twice as 

high as pr edicted, corresponding approximately to no a2/Ro enhancement 

over ZT-40, we would still expect to achieve 200 kA, 20 msec dischar ges 

with the a = 3 2  cm radius shell. Thus the volt-second limit in MST 

would be no mor e severe than the liner heat load limit in ZT-40, and we 

would have appr oximately the same range of plasma parameters available 

to us. We believe that such parameters would be adequate for carr ying 

out the proposed r esearch as described in the next section. 

1.4 Expected Per for mance and Scientific Goals 

There are two cr iteria which ar e generally used to deter mine 

whether an experiment of this natur e will meet the scientific goals. 

The fir st is to evaluate parameter s  ( usually dimensionless) which. ar e 

believed at pr esent to be important for the physical processes under 

study . The second is to require that the plasma parameters in an 

overall sense are competitive with present day devices and not 

pathological in any way that would render the r esults obsolete in the 

future. Both the expected par ameters of section 1 .2 and the worst-case 

par ameters of section 1 . 3  meet these two criteria. 

RFP phenomena ar e usually interpreted using r esistive MHD theory. 

The dominant par ameter of r elevance is the magnetic Reynolds number 

S = �R/�A' the ratio of the r esistive diffusion time to the Alfv�n 

transit time. This number must be much greater than one for the 

r elevant instabilities ( such as tearing modes) to be manifest. 

Experience of those who r un nonlinear MHD simulations of RFP dynamics 
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3 
i s  generally that S mus t  be at least 10 i n  order that the 

ins tabilities not be res ist ive ly damped . Fo r both the expected and 

wo rst-case parameters S wil l  be close to 105• 

The other strict MHD r equirement is that the discharge pu1 selength 

� be long compared to a reconnection or resistive relaxat ion time , 

which is often believed to be the time scale for dynamo action . In 

expec ted and wo rst cases the pu1 se1ength i s  about two orders of 

magni tude grea ter than the reconnection t ime . It i s  also highly 

desirable that the pu1s e1ength be at least as long as the resis tive 

diffus ion time s o  that the dynamo will be evident . Fo r the expected 

case the pu1 se1ength wil l  be about twice �R. For the worst case � i s  

about 3�R' an improvement since as the temperature drops , �R a l s o  

drops . 

In terms of overall parameters , MST wi ll be competit ive wi th 

today ' s s tate-of-the-art RFP d evices . Tokamak experience indicates 

that thi s level of parame ters ( multi-hundred eV t emp erature , 

mult i-hundred kA current) provides physics information , par t icularly 

MHD physics , which remains relevant even in the pres ence of TFTR- scale 

experiments . 

Thus , there i s  no doubt that the ful l range of parameter 

predi ctions allow the s cient ific s tudies to proceed; a t tainment of the 

expected case (400 kA for 40 ms e c) i s  not essential , and even the 

reasonably ant icipated worst case (200 kA for 20 ms ec) will suffi ce . 

6 



It should finally be noted that the large vacuum vessel des ign 

allows the sizet shape , position etc. of the plasma to be altered at a 

later date should new information favor a particular plasma type . This 

designed flexibility wil l  guarantee the machine relevance in the future 

as new data unfold in the community. 

1 . 5  Management Plan 

A separate management plan for this project has been preparedt and 

this plan describes the admini strative and technical respons ibi lities 

needed to maintain progres s  on the cons truc tion-phase experiments in 

the Levitated Oc tupole , on the MST d e sign and fabricat ion , and costs 

and schedules . A detailed dis cus sion need not be repeated here . 
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2 .  Te chnical De sign o f  MST 

2 . 1  Summary o f  Te chnical De sign 

The comple ted design for a plasma dis charge chamber will be 

submi tted to OFE and an OFE-sponsored design review team for approval 

before fabrication begins . This section is intended to summarize the 

ma j or design problems , the solutions we have adopted , alternative 

scheme s still being conSidered , and unresolved issues . More detailed 

discus sion on each point wi ll be found in sub sequent s ections . Se ction 

2 . 2  completes the details of fabrication , and Sec . 3 p rovides details 

on considerations which influenced the d esign. In S e c .  3 we also 

describe facets of the operations and data acquisition in which the 

original proposal review team expres sed interest or concern. 

2 . 1 . 1  High-Vol tage S t artup and Gap-Protection Is sues 

The mos t  serious questions relating to the design arise from the 

perception that for s ome period of time during the RFP s tartup , loop 

voltages up to the kilovolt level must  be provided . In addition, 

sudden current termination may induc e  mul ti-kV loop voltages . While we 

still  believe that low-voltage startup may be pOSSible , the use of  high 

voltage has been used as a design goal , and we hope , through 

construction phase experiments , to determine its  necessity . In our 

design , voltage gaps are wi thin the vacuum vessel; i f  plasma reaches an 

area of high voltage there is s erious risk of arcing . Two alternative 

pro tection schemes are being explored : 
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(1) A cont i nuous, non-vacuum liner formed o f  0.01 inch sta inless 

s t eel wi t h  tubul a t i o ns i ns ulat ed from the shells thr ough whi ch the 

pla sma r e g i o n  i s  pumped v i a  the vacuum cont a i nment ves s el ( VCV ) - shell 

i n t e r s pac e . Th i s  solut ion would keep plasma fr om r each i ng vol tage 

gaps, but assembly becomes complex , mak i ng mult i ple shell segmentat ion 

des i r able . I n i t i al propo sed deSi gns call e d  for two tor o i dal segment s . 

Our prese nt proposal calls for s i x  t o r o i d al segmen t s . This  me thod has 

fur ther at tract i ve i mpl i c at ions for gap prot e c t ion . I f  the full loop 

voltage i s  d i v i ded across s i x  gaps, the breakdown protect ion per gap i s  

gre atly s impl i f i e d . I f  a loop voltage of 9 00 volt s wer e r e duce d  t o  150 

vol t s  per gap , that would b e  well wi th in the range of our suc cessfully 

t e s t e d  gap pro t e c t ion me thods on Tokapole I I . 

(2) Mul t i - se gmented shells wi thout cont i n uo us l i ner form the 

alt erna t i ve shell scheme wh i ch app ea r s gr e atly pr e ferable fr om the 

assembly / d i sa s s embly V i ewpo i nt . S ince our proposal r ev i ew we have 

taken a number o f  s teps t o  be come i n f orme d on pr o t e c t ion of  gaps i n  the 

presence of plasma . A s equence of gap - t e s t exper i ments was i n i t ia t e d  

wi t h i n  T o kapole I I , and a n  advanc ed g a p  prot e c t i o n  des i gn i s  b e i ng 

i ns t alle d  i n  the Lev i tate d Oct upole tank . Wh ile deta ils ar e present e d  

in later s ec t i o ns, we have concluded that advanc ed gap protec tor s 

comb ined wi th mul t i ple shell segments to re duce the volta ge per gap 

will prov i de a solut i on to the r i sk of gap arc s at h i gh loo p  volt age 

wi thout the use of a cont i nuo us l iner . 
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S ince we have approx imate l y  two year s befor e  a se lecti on of a gap

prot e ction and assemb l y  scheme for she l l s  mus t be made , we w i l l  

cont i nue t o  test gap s i n  Tokapole  I I , the L e v i tate d O ctupole tank , and 

with a "gap-tester" whi ch has alr eady been i nser t e d  for gap s tud i es 

with i n  the Tokapole I I  d i s charge s ,  wh i l e  a t  the same t ime explor i ng the 

po ss i b i l i ty of l ow vo ltage star tup in the construction-phase 

e xper iments .  T h i s  is ther efor e an unr esolved i ssue wh i ch wi l l  b e  

subje ct to our conti nual s crutiny . 

2.1.2 F i e l d-Error I s sues 

A major d es i gn constra int has b e en that we would not know i ngly 

i ncorporate a f i e ld error wh i ch wou l d  have a non-negl i g ib l e  effect  on 

the p l asma phy s i c s . I n  Sec . 3.3 w e  d i scuss f i eld error s , and i n  

Append ix  I I I  w e  d i s cuss advance d  f i e l d  error c ons i derations . Thi s  

concern has br ought u s  t o  i nclude l ong tor o i dal gap f l anges , po l o i dal 

gap f l anges , ove r l ap p i ng shel l s , sma l l  pumpports i nto the she l l , 

c onductor-modif i ed pump ports i n  the vacuum ves se l , and provi s ion for 

error-cor r e ct ing feedbac k coi ls i n  the des i gn .  Wh i le most of the s e  

d es ign f e atur e s  h ave s i gn i f i cant a d d i t i onal cos t , the suc cess of the 

boundary study could be ser iou s l y  c omprom i sed if we were i ncaut ious 

about f i e l d  error s . We are not awar e o f  any s i gni f i c a nt f i e l d  error 

f or wh i ch w e  have not i nc luded a f i r s t-l i ne r emedy . We est ima t e  that 

owi ng to error s gener ated by the tor o i d a l  and pol o i da l f i eld sy s tems , 

t he m=O component of the radial e r r or f i eld wi l l  be  0.0 05% of the 

polo i dal f i e l d  at the r ever sa l s ur f ac e , y i e l d i ng an i sl and wi dth of 

mm , and at the worst  point in the p lasma ( the polo i da l  gap ) the error 
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field is less than 1%, producing a magnetic sur face distortion less 

than 1 cm . These numbers are derived in Sec . 3.3 and will be refined 

as the calculations proceed . 

2. 1.3 General Fabrication Issues 

Subject to constraints arising from the iron-core dimensions and 

the field-error issues , the proposed vacuum containment vessel (VCV) 

has several fabrication problems which are primarily cost -related , and 

unresolved at this time . Owing to our use o f  the V CV for both poloidal 

and toroidal currents and formation o f  a quasi-stationary flux plot , we 

have attempted to maintain a wall thickness o f  at least 5 cm . The bulk 

o f  aluminum involved creates serious fabrication di fficulties . We 

found , in exploratory work with interested vendors , that aluminum 

billets o f  a size needed for a half -vessel could not be forged . This 

necessitated forming an alternative plan o f  welding billets to form a 

machinable form . Although spinning aluminum is a successful 

fabrication scheme , in general , we found no enthusiasm for spinning a 

hal f torus with a 5-cm wall thickness . We are reluctant to reduce the 

proposed wall thickness for long -range physics reasons; a time-changing 

flux plot which di ffered for each shell con figuration might compromise 

the conclusions o f  the boundary study . 

As a consequence o f  many discussions with scientists and engineers 

at many institutions and as a result o f  numerous plant trips to 

fabricators and visits by domestic and foreign vendors , we prepared a 

set o f  alternative drawings and submitted formal requests for quotation 
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( RFQ ) . I t  was and is our bel i e f  that several f abricat i on schemes w i l l  

pr ovide a VCV with the tolerances need ed for a l l  phys i c s  goal s .  I t  i s  

useful t o  note tha t a c ommon prob lem with a l l  f abrica t io n  schemes i s  

that many l inear feet o f  vacuum- qual i t y  we ld i ng o f  alum i num wil l  b e  

r equired . These wel d s  ar e also subjec t  t o  import ant tolerances 

associated with the avo idanc e o f  f i e l d  error s whi ch cou l d  ar i se from 

l arge-scale defects wh i ch altered  the cur r ent f l ow patterns wi t hi n  the 

VCV. We l d i ng poros i t y  can produce ser i ous v ir tual leaks  as we ll . 

Wel d ing the large poloidal fl anges used for re ductio n  o f  f i e l d  errors  

could produce dis tor t i o ns whi c h  would b e  d i ff i c ul t t o  r e move or  mach i ne 

away , toro i dal symmet ry b e i ng destroyed upon we lding of the f l anges . 

We bel i eve that a l l  l i ke l y  b i dders found the u l t i mate t o l e r anc es to be 

r e asonab l e . 

2.1.� F i r s t-Wall I s sues 

We wi l l  have a con t inuing concern w i th the f ir s t  wal l o f  the 

she l l e d  RFP . A prob lem is tha t  wha t e ver solution we f i n d  for a 

th i ck-she l l ed case s hou l d  a l s o  cr e d i b l y  apply  for th inner-she l l ed 

boundar i es ,  else the var i a t ions in  RFP behavior i n  the boundary study 

mi ght be s ubt l e  r e fl e c t i ons o f  the solid state  phys i cs and not of the 

conductive proper t i e s  o f  the she l l s . I s sues related to  l im i t e r  vs . 

armor p l ate vs . l iner , he at d i s s i pation , and local i ze d  e ner gy 

deposition ar e exp lor e d  in S e c . 3. Ther e ar e ser i ou s  and unresolved 

prob l ems her e which ar e share d  wi th i n  the ent i r e  RFP community .  For 

our she l l  de sign we ar e maint a ining two alternat ives des c r i b e d  in 

s e c t i on 3.6. I f  we ut i l i ze no l iner in the shell , i ns tal l at i on o f  
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graph i t e  armor plate has several attract i ve featur e s. Pr e l im inary 

s tud i es w i l l  b e  made w i th i n the L ev i t ated O ctupo l e  tank. A v i s i t  to 

OHTE to inves t igate the ir exper i ences was very frui tful , and we 

gr atefully acknowle dge the gr ac i ous ass i stance of Dr. Tamano and h i s  

a s so c i a te s. I t  i s  our b e l i e f  that the use o f  a full graphi te armor i s  

cons erv at i ve i n  that wher ever the pl asma m i ght s tr i ke the wal l ,  on 

whate ver day , or whatever she l l , the proper t i es of the f i rs t  wall ar e 

mor e l i k e ly to b e  s im i l ar o ver the cour se o f  a s e r i es o f  e xper iments. 

I t  i s  further our bel i e f , b as e d  on the mos t  re cent exper i enc e s  r eported 

i n  the RFP commun i t y , that the use of  graph i t e  armo r  plate does not 

prevent att a i n ing par ame ters whi ch woul d b e  ac ceptab l e  for our stud i es. 

2 . 1 . 5  Mi s c e llaneo us I s sues 

Our des ire to interchange she lls  eas i ly has generat ed pr obl ems 

owi ng to constra i n t s  by the l im i te d  space ava i l ab l e  and the large bul k  

o f  the iron cor e , VCV , and she l l s. Deta i l s  o f  the are a  preparat ion and 

s i te constraints ar e prov i de d  b e l ow. Her e i t  may be no ted  that the 

s pace problems have been unders tood by the adm i n i s t r at i on of the 

Phys i c s Depar tment, and t ime ly cooper at ion is being d i splayed. The 

problem of shi ft i ng the core-keeper and upper hal f o f  MST t o  expose the 

open lower half of  the torus for she l l  inser t ion has been con s i de r ed. 

N o  unr e sol ved probl ems rema i n , but the de tai l ed plans and c o s t  

e s t imates ar e fragment ary at th i s  t ime. 

The at tainab l e  perfo rmanc e paramet e r s  depend c r i t i cal l y  on the 

vol t-se c capab il i t y  of the i r on-cor e. Expec ted and wor s t  case 

s cenar ios were descr ibed  i n  S e c. 1.  It was essent i a l  t o  con f i rm that 
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we had not erred in our estimates of the volt-sec limit of the core. 

To this end we have estimated from published B-H curves, then measured, 

the properties of the iron core of the Levitated Octupole -- the core 

to be used for MST. The results, as described in Sec. 3.4.4 are in 

remarkable agreement, and imply that we can comfortably design around a 

1.9 volt-sec flux swing. The resulting constraints are n ot burdensome 

for our project goals. 

2.2 Mechanical Design and Fabrication 

2.2.1 Toroidal Vacuum Containment Vessel Design 

2.2.1.1 Assembly Features for Existing Iron Core 

Use of the existing iron core imposed several constraints on the 

VCV design. Obviously, the core window imposed limits on both the 

major and minor radii of the VCV. Also the core window limits the 

sizes of poloidal and toroidal flanges. In order to readily remove the 

upper half of the VCV (for example prior to shell installation) the 

poloidal field system (primaries ahd continuity windings) will have to 

slip over the vertical legs of the iron core. Provision will have to 

be made to provide adequate clearance and alignment during this 

operation. A very careful measurement of the core has been made to 

assure maintenance of minimum tolerances in this regard. The toroidal 

field feed, described in Sec. 3.3, was also constrained by the presence 

of the core. For example, the length of the toroidal feed cylinders 

was limited by the core window. Additionally, the number of individual 

feed connections was selected as an optimization of field error 

14 



min imi zat ion and nec e ssary clear ance o f  the l ower core leg and polo i dal 

f i e l d  sys tem . 

2.2.1.2 Vacuum Seals 

The VCV wi l l  be sealed both toro i dal l y  and polo i d all y wi th f l at 

vi ton gas kets ( see F i g  2.2.1.2.1.). The des i gn of the VCV gasket 

sys tem i s  essen t i a l l y  an upgr a de of the sys tem used w i th succes s  on the 

Tokapole I I  dev i ce .  I n  the po loi dal f ield  gap and the i nner toroidal 

gap the gask et a l so ser ves as an i nsulator . The vito n  gasket wi l l  be 

cut and ass embled from c ommer c i ally av ailable sheet s t o c k. The gasket 

str i p  wi l l  b e  epoxied into a groove in a G�10 plate form i ng an as sembly 

that can be fas tened ( in the case of the t or o i dal gap s ) to one of the 

flanges easing d i s as semb l y  and as semb l y  a l i gnmen t . The gas ket wi l l  be 

compresse d  b y  an arr a y  o f  insulated bolts , allow ing suffic ient uni form 

pressure to a s s ure a seal . Jus t  outs i de t he sea l i ng s ur f a ce in all 

flanges are an arr a y  of 1/4" thro ugh holes . The p rimary purpose o f  

these holes i s  t o  f ac i l i tate l ocal i ze d  l e a k  c heck i ng of the seal , 

howev er , they may also be used for sense c o i l s  to mea sure f i eld err or s . 

Where the toro i da l  and poloi dal gaps cro s s  i s  a pote n t i ally troublesome 

reg i on c al l i ng for a " t r i p le j o i nt " . Fortuna tely ,  we have had 

exper i e n ce with s u ch j o ints  in the o r i g i na l  O c tupol e ,  the Lev i tated 

O ctupole and Tokapole I I . Whi le some re f i nement in the l i ne o f  s pec i al 

methods for adj us t i ng local s queez i ng pr es s ur e  may wel l  need to be 

incorporated i nto the seal des i gn , we are confi dent that such a seal 

can be rel i ab ly made. 
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2.2. 1 .3 Gap Protect ion 

Even s hould we choo se to u se a con t inuous l iner in the shell 

exper i mental ser ies , the VCV gap s wi l l  r equi re i nsulat ion and 

protec t i on from the p lasma . I n  the f ir s t  ye ar o f  oper a t ion we wi l l  not 

have a she l l  system i n s t al led , and the full polo i dal f i eld d r i v i ng 

vo l t a ge wi l l  be exposed across  t he polo i dal gap . As exp l a i ned i n  

sec t i on 3.8.6 we are engaged i n  a program of gap test ing i n c l ud i ng the 

use o f  an advanced des i gn i n  the constru c t ion phase exper i men ts . 

P resumabl y  a c omb i na t ion o f  gap des i gn evolut i o n  and l i m i t i ng o f  the 

p lasma i n  the v i c i n i t y  o f  the gap w i l l  be succes sful . Thi s i s  a 

ser i ous and pr imary concer n , but we are mov i ng forwar d i n  development 

o f  prote c t ion techni ques . I n  a dd i t ion to a r c  suppres s i o n , other 

constraints  on gap protec t ion des i gn i nclude requ irement s for 

d i sas semb l y  along w i th the VCV halves and trans i t ion fr om polo i da l  to 

tor o i dal at the cro s s i ng points o f  the toro i dal  and p o l o i da l  gap s . 

2.2.1.4 Prov i s i on for Stresses Under Normal and Fau l t  Conditions 

I nves t i g a t i o ns into the forces exer ted by the fields under a 

number o f  oper a t ing cond i t ions i s  wel l  underway ( see 

F i gs . 2.2. 1 .4. 1 -2.2. 1 .4.8). A p rogram o f  s t ress ana l ys i s , includ i ng 

computer model i ng , w i l l  b e  under taken as soon as the for ces are a l l  

known . However t he modest magni tudes of the for ces t hus far 

encountered reassures us that the heavy sec t ions made ne cessary for 

elec t r i cal purposes wi l l  b e  more than adequa te t o  r esolve the 

mechani ca l  forces . A spec ial  area o f  interest i s  the reso lut i on of 
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forces i n  the polo i da l  and tor o i da l  fl anges and feed cyl i nders ( see 

F i g. 2.2.1.4.9). I n  add i t ion to pos s i b l e  fa i lur e , flexure i n  these 

areas could lead t o  f i e l d  errors and pulsed l eaks . For th i s  r e ason , 

a l l  f l anges and feed cy l in der s wi l l  be clamped wi th arra ys o f  insulated 

tie b o l t s . Excep t for the middle  r ow o f  b o l t s  on the inner toro i dal 

f l ange , these do not appear on present draw i ngs s i nce i t  was de termined 

to b e  poss i b l e  to add them at a l ater s t age of fab r i c at ion , once 

appro p r i ate number s  and locat ion co uld be determ i ned. 

2.2.1.5 I ncor por at ion of Tolerances from F i e l d  Error Cons i dera t i ons 

Whi l e  some of the tol erances in the VCV dr aw i ng s  s tem from 

assemb l y , vacuum sea l i ng surface , and electr i ca l  connect ion 

const r a i nt s , the t i gh t  tolerances in the gap reg ions are an effort to 

preclude errors i n  the f i e l d  dr i v ing cur r ent s . I t  was ca lculated that 

the s pec i f ied t o leranc es repr esen t ed an opt ima l  compr omi se of 

fabr i c a t i o n  cost and f i e l d  uni formi t y . Add i t ional l y , the G- 1 0 p l a te s  

pr ev i ous l y  ment ioned as par t o f  the gask e t  as semb l i es wi l l  prov i de 

pos i t i ve spac i ng i n  the gap regions. Sim i l ar f i ber glass s pac i ng and 

i nsula t io n  wi l l  b e  u t i l i zed in the f eed cy l i nder g ap s  to enforce 

cons i s tent spac i ng ( see F i g. 2.2.1.2.1). 
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2.2.1.6 Mechanical and Electrical Properties of Poloidal and Toroidal 

Field Connections 

As a general policy, most poloidal and toroidal field connections 

will be welded to prevent problems due to contact resistance variation 

(see Fig. 2.2.1.6.1). Several bolted joints are required, however, to 

facilitate disassembly. These have been designed to minimize current 

density and to maximize clamping force. The outer toroidal flange and 

the connection from the upper inner toroidal flange to the inner 

toroidal feed cylinder are examples of necessary bolted joints. 

Consequently they have been specified as having flat, well finished 

contact surfaces and an array of large clamping bolts. Clamping force 

will be maintained by the use of Belleville washers (see Fig. 

2.2.1.2.1). Our experience has shown that successful 

aluminum-to-aluminum joints can be made provided the joint is prepared 

using Alcoa No. 2 compound. We will have clamping pressures of 

-3500 psi which according to the Alcoa Bus Handbook should give a 

contact resistance of - 0.25 �n/cm2, but our experience has shown that 

aluminum/aluminum joints are often up to 10x worse. An innovative 

alternative that we are exploring is the fabrication of the appropriate 

parts from aluminum explosively clad with copper. This would result in 

a contact resistance of O.5-1�n/cm2 and less trouble with joint 

preparation. Local contact resistance variations are shielded through 

the use of flanges between all such joints and the interior of the V CV. 
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2.2.1.7 Pump H oles and D i agnost ic Ports  

A maj o r  feature of th is pr oj ect  i s  t hat a v ar i et y  o f  s hells , 

perhaps wi th liners , will be placed i ns i de the VCV. Impli cat ions o f  

th i s  d es i gn feature ar e that t h e  shells will b e  pumped out thr ough a 

large number o f  small- d i amete r , l i ne-o f-s i ght holes . Inter-shell 

spaces will be pumped out wi t h  a lar ger number of smaller holes wh i ch 

are not in line-of- s i ght v iew o f  the plasma . The small holes are 

intended to r e duce f i eld errors but must be accur ately ali gned w i th 

aper t ures i n  the VCV us ed for probes or beam l i nes-of- s i ght into the 

plasma r e g i on . Troublesome featur es o f  these aper t ures for arc 

protect ion ar e d i scus s ed i n  Sec . 2.2.1.3 and 3.8. The li ne-o f-s i ght 

apertures through the shell and VCV ar e mach ined s ubj e c t  to the 

compl i c a t i o n  that the shell ax i s  i s  6 cm outboard o f  the VCV s ymmet r y  

ax i s . Vacuum ves sel d i agno s t i c  por t hole s  will be dr illed thr ough 

point ing towar ds the shell ax i s , or otherw i s e  refer enced to the s hell 

ax i s ,  i f  chor dal li nes-of- s i ght , for  example. 

2.2.2 Vacuum Vess el F ab r i cation 

2.2.2.1 F abr i ca t io n  Methods 

A survey of several fabr i c at o r s  r eveale d several ac cep table 

s c hemes for the fabr i ca t ion o f  the VCV . These schemes are i nd i c ated  b y  

the R e qu e s t  f o r  Quo t a t i on document ( Appendix V ) a n d  include d  d r aw i ngs . 

Th i s  b i d  package was sent to 47 vendor s , i nclud ing f i v e  out s i de the 

U . S .  
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2.2.2.2 Select ion of Me thod and Fabri ca tor 

Responses to our RFQ wi l l  be analyzed  by a team from b oth the 

plasma gro up and PSL. Anal ys i s  cri teri a wi l l  i n c lude c o s t , t ime o f  

del i v ery , and ab i l i t y  o f  res pond i ng f abri c ator . Add i t ionally , any 

al t ernate fabri cat ion proposal by any fabri cator wi l l  be  analyzed by 

the RFP Des i gn T eam for s c i ent i f i c  su i tab i l i ty .  If no respond i ng 

fabri cator can mee t  our cri teri a for the VCV as s embly , P S L  c oul d ,  wi th 

the add i t i on of a l arge ver t i cal bori n g  mi l l , fabri cate the as sembly 

from rough parts s upp l i e d  by outs i de fabr i c ators . The cos t s  for thi s  

alternat i ve are b e i ng prepared and wi l l  b e  compared w i th quotat i ons for 

s im i l ar fabricat ion by out s i de fabri cators . The c l o s e  l iaison we 

ma i n ta i n  wi th PSL would make thi s al ternati ve app eal i ng prov i ded that 

cost s  are wel l  de f ined . 

2.2.2. 3 Issuance o f  P urchase Order 

Cont i ngent on the rel ease o f  f unds by DOE b as e d  on the 

recommendat ions o f  the Des i gn R ev i ew Commi ttee , a purchase order for 

the s e l e c t e d  fabr i c a t i on wi l l  b e  issu ed as soon as poss i b l e . S i nce the 

b i ds hav e  already been l e t , m i n imum delay can be expe cte d in proceedi ng 

wi t h  fabri c a t i on . 
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2 . 2.3 Accep tance T e s t s  

2 . 2 . 3 . 1  D es i gn Accept ance 

All des i gn feature s  and co- changes will be r ev i ewed by the RF P 

Des i gn Gro up and approved by the Pr inc i pal I nvest igator s , b e fore b e i ng 

r e l eased for fabr i cat i on .  

2 . 2 . 3 . 2  P r e parat ion o f  Spec i f i cat ions and Draw i ng s  

All draw i ngs and s p ec i f i c at i o ns for any par t of  the MST will b e  

r ev i ewed and approved b y  t h e  Eng ineer i ng Manager b e fore b e i ng releas e d  

for fabr i c at ion . Th i s  i ncludes any supplemental mat er i al or changes . 

2 . 2 . 3 . 3  Che c k i ng Aga i n s t  Spec i f i cat ions on D el i v ery by Out s i de Fab r i cators 

As i nd i cated i n  the attached quotation package ( Ap pend i x  V) par t s , 

s ubas s embl i e s , and comp l e t e  ass embl i e s  hav e been rather f ully spec i f i e d  

both b y  draw i ng toler ances and not a t ions and b y  a document ( the Request 

for Quotat ion) .  The s e  spec i f i c at ions wi ll b e  the b as i s  for acceptance 

tests on a l l  subcont r ac ted fabr i c at i on . Th i s  wi l l  es s e n t i ally b e  a 

two-part pro cess . As i n d i cated i n  the R eques t  For Quo t a t i o n , we ar e 

i ns i s t i ng on on-s i te l i a i son wi th any vendor mak i ng maj o r  p ar t s . These 

personnel will not be author i zed t o  prov i de f i nal ac c eptance ,  but will 

b e  ava i labl e  to prov i de a dv i sory o p i n i ons . Thi s c ould reduce any 

probl ems due to mi sunders tandi ngs . F i nal acceptanc e will be on 

del i very to P SL ,  i n c l ud i ng all the d ocument a t i on s p ec i f i ed i n  the RFQ. 



Visual i nspec t i on , measur ement , and r e v i ew of the documentat ion wi l l  be  

made by a t eam of personnel from both PSL and UW Pl asma Physics. 

Author i zat ion for acceptan c e  wi l l  only b e  mad e  by the Engineer i ng 

Manager. 

2.2.3.4 C hecking Agai nst S p e c i f i cat ions � Comp l e t ion of PSL Fabr i ca t io n  

If PSL is e ngaged i n  fab r i cat ion o f  the VCV assembl y  from par ts or 

subassembl i es prov i de d  b y  outsi d e  fab r i cators , the y wi l l  be subj ect to 

t he same acceptance c r i t er i a  as d e tai led i n  the RFQ . Howe ver , b e c ause 

of our c lose l i a i son wi t h  t he i r  operat io ns , acc ep tance can be pro v i de d  

i n  a staged manner. Fur thermo r e , it wi l l  b e  pract i ca l  to i ns t i tu t e  a 

cont i n uo us qual i ty assurance procedur e cons i st ing of r e gular v i sual 

i nspecti on and measur ement . However any author i za t ion for accep t ance 

wi l l  only b e  made by t he Engineer i ng Manager . 

2.2.3.5 Acc e p t ance of Fi nish Machi n i ng 

I t  i s  our e xp ectat i on that cer t a i n  fin ish i ng o p e r ati ons s uch as 

port hole  instal lat ion wi l l  be done at PSL no matter what scheme of 

fabr i cat ion is s e l e c te d . To l er ances and o ther spec i f i c a t i o ns wi l l  b e  

i nd icated on approve d  draw ings. These cr i t e r i a  wi l l  b e  checke d by a 

t eam from the p l asma p hysics group b efor e  i n i t i a l  assembly at PSL . 

Author i zation for acceptance wi l l  only b e  made by the Eng i n e e r i ng 

Manager . 
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2.2. 3 . 6  Acceptance of Fi nal Cleanup and Vacuum 

It i s  exp e c t ed that a f inal c l eanup , assemb l y , and leak check w i l l  

be mad e  at  PSL b e fore shipment t o  Mad i son . Thi s  procedur e  wi ll b e  

superv i se d  b y  per s onne l from the pl asma phys i c s  group and c ar r i ed out 

by a team from both plasma and P SL. Acceptan c e  of th i s  pro ce dur e  wi l l  

b e  author i z ed b y  the Eng ineer i ng Manager onl y  when a pr essur e  o f  

2.0 x 10-7 Torr i s  achi eved in the VCV and the tank i s  cert i f i e d  l eak 

free to a sens i t i v i ty of 1 x 10-10 s t d  c c/se c . 

2.2.4 Area P reparat i on 

2.2.4.1 Clear i ng Out the H i gh Bay 

RFP exper i ment s  wi l l  be per formed in the L ev i t at e d  O c t upole tank 

for approx imately two years . Dur i ng th i s  per i o d , l i t t l e  ar ea 

pr epar a t i o n  c an tak e place , and a t i ght l y  schedu l e d  sequ ence of moves 

must occur . The O ctupole must b e  decomm i s s ione d ,  and use ful por t ions , 

such a s  pump s and valves ,  mus t b e  r e s erved . The se cond and th i r d  d ecks 

w i l l  b e  remov ed along wi th all  e l e ct r i cal  wir i ng and c ab l ing . The data 

acqui s i t i on comput e r  and all  mob i l e  appar atus as s oc i at e d  wi th the 

p lasma program wi l l  b e  removed from the H i gh Bay. Wi th the c ooper a t ion 

o f  the H i gh Energy P hy s i c s  Gr oup the rema inder o f  the H i gh B ay w i l l  b e  

emp t i e d  to perm i t e n t r y  of the mov er s . The H i gh B ay mus t  b e  kep t open 

for approx i mate ly 6 months . 

34 



35 

2.2.4.2 Removal of Lev i tated Oct upo le Tank 

Mover s wi l l  sh i ft the 2 5 - ton core- keeper to t he f loor and remove 

the four par ts of the Levi tated Octupole tank wh i ch w i l l  be preserved 

tempor ar i ly i n  storage w i th i ts or i g i na l  hoops and those op t i m i ze d  for 

construct ion-phase exper iments ; the cont i n u i t y  and pr imar y windings 

be i ng removed at th i s  t ime . 

2.2.4.3 F i nal P l acement of Core 

The core wi l l  be rotated , shi fted , and elevated into the f i na l  

pos i t ion wh i ch wi l l  b e  determi ned by the many con s i derat ions d i scussed 

in Sec . 3.2. 

2.2.4.4 I nstal l a t ion of Monora i l  for Core-Keeper Mot ions 

The present core- keeper hoi s t  i s  not s u i t able for the MST proj ect 

s i nce i t  does not permi t c lear i ng the core- keeper from full ver t i ca l  

access to the VCV . The 1 0- ton overhead crane i s  i nadequate for 

core-keeper mo t ions . T he large ver t i cal ac ces s of the H i gh Bay does 

permi t  install at ion of a monora i l  crane wh i c h  i s  to be suppor ted near 

both load-bear i ng H i gh Bay wal l s . 



2.2.4.5 I nst allat ion o f  Col� for Cor e-Ke eper Support 

T he or i entat i on o f  the mono r a i l wi l l  b e  estab l i shed to permi t 

t r ansl at i on of the core-k eeper on the monora i l  tractor to a safe 

r es t i ng suppor t f ormed o f  removabl e  columns . The temporary rest i ng 

place expos es the ins i de o f  the VCV s i n c e  the upper ha l f  of  the toro i d  

wi l l  t r a ve l  wi th the core-keeper . I n  th i s  manner , acc e s s  i s  opt i m i zed 

for i nstallat ion of the var i o us she l l s  w i th wh i ch the boundary st udy 

are concerned . 

2.2.4.6 Constru c t i o n  o f  S e c ond Deck and False F loor 

A ful l second deck w i l l  b e  i ns t a l l ed at a he i ght o f  approx i mately 

8 . 5  f e e t  off the floor , and at a he i gh t  near the m i dp lane of the MST . 

A fal se floor wi l l  b e  f i t t e d  ( but not i ns tal l ed at thi s t i me ) t o  c l e ar 

the 8T core and transm i s s ion lines . The false floor wi l l  have an 

el evat ion o f  about 1 8 i nches. 

2.2.5 D e l i very of MST 

Since  mechan i ca l  and vacuum t e st i ng of MST wi l l  be per formed at 

PSL , the que s t ions o f  del i very ar e very s i m i lar to act ions wh i ch 

e ar l i er took place when the Lev i t at e d  O c tupo l e  was del i ve r e d  from PSL 

and ins t al l e d  at the same loc a t ion wh i ch MST wi l l  o ccupy . 
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2.2.6 I nstal lat ion of  MST 

Many s i gn i f i cant tasks i n  the i ns t a l l at ion of MST i nvo lv i ng area 

preparat ion and s ub system development ar e included as t as k s  with i n  the 

l i s t o f  internal m i lestones shown in Append i x  I I . 

2.2.7 F i r s t  She l l  DeSi gn 

2.2.7.1 Res i st ive  Liner 

Should the con t i nuous l i ner conc ep t be chosen , such a l in er could 

be fabr i cated from 0.0 1 0" sta i n l e s s  s teel  sheet segments welded 

t ogether� Stainless steel would  b e  selected  for its  strength , 

nonmagne t i c  proper t i e s , elect r i ca l  r es i st iv i ty ,  h i gh t emperature 

proper t i es , and r e l at i ve co st o f  fabr i cat ion . The th i cknes s i mpl i es a 

penetrat ion t i me of  7 0  �sec for the polo i dal f ie l d  and 3 3 0  � s e c  for the 

tor o i dal f i eld . Such a l iner wou l d  not have to suppor t a v acuum , 

cons i derab ly s i mp l i fying i ts des i gn. Assemb ly of the inner segments  of 

a she l l  w i th ver t i cal tor o i da l  gaps would  b e  d i f f i cul t , but e i ther 

defer r i ng f inal wel d i ng of the l i ner unt i l  these segment s  are i n  place 

or us i ng a pa i r  of  paral l e l  r ather than r ad i al polo i dal  gap s would  make 

th i s  operat ion feas i b le. T ab l e  2.2.7.1.1 summar i z es some paramet e r s  of  

such a l iner , F ig s . 2.2.7.1.1 and 2.2.7.1.2 i l l us t r a t e  some featur e s . 
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Tab le 2. 2. 7 . 1 . 1  

MST Maj or D imen s i ons Summary - - - - - - - - - - - - - - - - - - � - - - - - - - - -
VCV OUTER SHELL 

RADII 
MAJOR 
MI NOR 

INNER 
OUTER 

THI CKNESS 

SURFACE 
AREA 

INSI DE 
OUTS IDE 

TOTAL 

VOLUME 

VOLUME 
ENCLOSED 

MATERIAL 

MASS 

HEAT 
CAPACI T Y  

R toro i da l  
R polo i dal  

L t or o i dal 
L pol o i dal 

1 . 500 

0. 520  
0. 5 7 0  

0. 050 

3. 37 5 4 x 1 0 + 1 
3 . 7 9 3 2 x 1 0 + 1  

6. 4 5 47 x 1 0+ 1 

1 . 6 1 37 

8. 00 6 2 

6 0 6 1 -T6 A l  

4. 37 3 1 x 1 0 + 3  

3. 9 1 4x 1 0 + 3  

2. 1 9 0 8x 1 0 - 7  
3 . 1 0 4 3 x 1 0-8 

1 . 7 3 4 x 1 0-7  
1 . 5 1 3 x 1 0 - 7  
wi she l l  s y s t em 

1 . 56 0 

0. 3 6 5 
0. 3 9 0  

0. 025 

2. 2 47 9 x 1 0 + 1  
2. 4 0 1 9 x 1 0 + 1 

4 . 6 4 58 x 1 0 + 1  

0. 5 8 1 2  

4. 1 0 24 

606 1 -T 6 A l  

1 . 57 5 1 x 1 0 + 3  

1 . 4 1 0 x 1 0+ 3 

6. 57 89 x 1 0 - 7  
3. 9 7 04 x 1 0 -8 

INNER SHELL 

1 . 56 0 

0. 3 3 0  
0. 3 5 5  

0. 0 2 5  

2. 0 3 2 3 x 1 0+ 1 
2.  1 8 6 3 x l  0 + 1  
- - - - - - - - - - �  
4 . 2 1 8 7 x 1 0 + 1  

0. 527 3 

3. 3 5 3 4 

60 6 1 -T 6 A l  

1 . 4 29 1 x 1 0 + 3  

1 . 279 x 1 0 + 3  

7. 2 5 1 2 x 1 0-7 
3. 5 827 x 1 0 -8 

Note : These f i gur e s  neglect porthol e s , gap s , and f l anges 
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LINER 
- - - - - - - - - - � -

1 . 56 0 meter s  

0. 3 2 0  
0. 3 2025 4 

2. 54 x 1 0 - 4 

" 
" 

" 

1 . 9 7 08 x1 0 + 1  s q . m .  
1 . 9 7 23x 1 0+ 1  " 

3. 94 3 1 x 1 0 + 1  " 

5. 0 0 7 7 x 1 0 - 3  cu . m .  

3. 1 5 3 2  " 

Stai nles s Steel 

4. 036 2 x 1 0+ 1 kg 

2. 0 30 x 1 0 + 1  kJ / oC 

1 . 38 1 3x 1 0 - 2  ohms 
5. 9 43 5x 1 0- 4 " 

1 . 0x 1 0 - 6 Henr i es 
6. 1 2 3 x 1 0-8 " 
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2 . 2 . 7 . 2  Over l ap p i ng She l l  Conc e p t  

Our re ference des i gn ( see F i g . 2 . 2 . 7 . 2 . 1 ) shows t w o  separate 

coax i a l  shel l s  wi th overl app i ng polo i dal and toro i dal gaps ( see 

F i g . 2 . 2 . 7 . 2 . 2 ) .1 A s  expla ine d  e lsewhe re the pr imar y r eason f or th i s  

s cheme i s  the r educt ion o f  f i e l d  errors i nduced by gap s . I n  or der to 

r e duce the vol t age on polo i da l  gaps , each she l l  is  subd i v i ded i nto s i x  

tor o i dal segments .  I n add i t ion to gap vol t a ge r e duct ion , such a des i gn 

wi l l  s impl i fy fabr i c at ion and as sembly . Some probl ems ar i se from the 

coax i a l  shel l ,  overlapp i ng gap concept however . Pr i n c i pal among these 

are s he l l - to- she l l  arc i ng and d i f f i culty in pump i ng the inter s he l l  

spac e . Computer s i mula t i ons of the trans i en t  pres sure b ehav ior i n  such 

a sys tem ( see Sec . 3 . 9 . 7 ) have fortunat e l y  shown that i t  is poss i b l e  to 

prov i de some pump i ng of the intershe l l  space w i t hout the pressur e  

r i s i ng s i gn i f i ca nt l y  dur i ng a pulse . Each por t  ho l e  i n  the she l l  

system i s  pro v i ded w i th a stainless s t e e l  tub e , clos e f i tt ing to the 

i nner shel l  and l iner or f i r s t  wall , and f i t t e d  w i th an i nsul a t i ng 

col lar i n  the outer she l l . Such a tube shou l d  b e  successful i n  

pr even t i ng plasma a n d  neutral gas from enter i ng the inter she l l  s pac e . 

The s imulat ion used 1 9 0 such tubes ( 3 4 - 3 . 1 8 cm d i a , 9 8 -

2 . 5 4 cm d i a , and 5 8 - 1 . 9 1  cm d i a ) 1 0  cm . l ong . Th i s  prov i ded a 

1 0 , 58 5 l i ter/second hy drogen pump i ng speed to the exper i mental volume . 

Add i t i onal l y , the intershe l l  s pac e was pump e d  b y  an arr ay o f  1 9 2 

. 6 4 cm- d i ameter holes i n  the outer shel l  with a pump i ng speed o f  700 

l i ters /s e cond for hydr o gen . The intershe l l  pressur e , pr esum i ng a base 

pressur e  in the 1 0- 7  Torr region , barely r i s es into the 1 0- 6 Torr 

r e g i on dur i ng the t i me o f  large vo l t ages . Even i f  any m i crowave 
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pre ion i zat i o n  were to find a resonance i n  the intershel l reg ion , th i s  

pressure i s  too low to cause ser i ou s  prob lems . Another prob lem i s  

ma inta i n i ng e lectrostati c ground i ng o f  the she l l  segmen t s . 

Electrostat i c  potent i al s  mi ght appear due to plasma losses or she ll  

segment capac i t i ve d i ffer enc es caused by  d i agno s t i c moun t i ng . 

P lasma loss charg i ng curr ent can b e  es t ima t e d  by : 

I plasma loss Al i ner i ns i de sur face 1e 

I f Al i ner ins i de sur face 1 . 97  x 1 0 5 cm2 , Apor t s  = 9 . 3 1  x 1 0 2 cm2 , 

ne = 3 x 1 0 1 3  cm- 3 , 1e = 2 x 1 0- 3 S ,  and Vp lasma = 2 . 96 x 1 0 6 cm3 , the 

I plasma loss  � 34 amperes or - 2 . 8  amper es /shell  s egment . The 

electrostat i c  gro und i ng s cheme mus t  then be low eno ugh impedance that 

these c urrents do  not s er i ous l y  change the she l l  s egment pot en t i a l s . 

One solut ion to th i s  prob lem i s  to use a con t i n uo us l i ner or e x t ernal 

r es i s t or s  a s  a poten t i ome ter to enforce the proper segment vo l t age 

d i s tr i but ion . Such a potent iometer coul d  b e  gro unded a t  one place  to 

the VCV . 

Heat depos i te d  on the she l l  s y s t em by the p lasma and eddy c urr ents 

w i l l  have to b e  removed . As Tab l e  2 . 2 . 7.1 . 1  Show s , the she l l  sys tem 

and l i ner have a lar ge heat capac i ty , so the prob l em i s  reduced to 

prov i d i ng cool i ng between plasma sho ts . At pr e s e nt th i s  app ears 

feas i b l e  through the use of heat-c onduct ing e le c t r i cally- i nsulat ing 

ceram i c i nsulat or s  t o  coup l e  the s he l l  s egments  the rmal l y  and heat 

4 4  



p i pes  to carry the heat out of the vacuum. Such a system woul d  offer 

cons i derab l e  s i mp l i c i t y  and rel i ab i l i t y  when compared wi th the haz ards 

and comp l i cat i ons o f  runn i ng water cool i ng l i ne s  in  the vacuum. Even 

i n  t he absence o f  any conduc t i on cool i ng ,  rad i a t i on will  l im i t  the 

av erage temperature d i fference betwe en the l i ner and the wal l  to 

- 2 3 0 oC ,  assum i ng 4 0 0  kJ/ 3  mi nutes = 2.2 kW and a sur face emi ss i v i ty o f  

0.1 . 

2.2.8 F ir s t  She l l  Fabr i ca t i on 

The method of fabr i cat i on of the f i rst s he l l  s y s tem w i l l  b e  

s e l e c te d  through comp et i t i ve b i ds and based o n  our exper i enc e i n  

fabr i cati ng the VCV. Many o f  the methods , espec i al l y  explo s i ve 

formi ng , s uggested for VCV fabr i cat ion would b e  ver y s u i t able for 

fabr i ca t i on of she l l  s egments. F i nal mach in i ng o f  s egments wi l l  

r e q u i r e  a lar ge ver t i cal bor i ng mi l l  o r  a lar g e  CNC mi l l. PS L i s  

presently  engaged i n  acqu i r i ng a l arge CNC m i l l  and may acquire a l ar ge 

vert i cal bor i ng mi l l  for VCV mach i n i ng , conse quentl y  they wi ll  probab l y  

d o  the f i nal mach i n i ng. I n  any case , portho l es and other deta i ls w i l l  

b e  added b y  PSL , a s  wel l  as fabri ca t i ng the ant i c i pated she l l  system 

assembly j i g. An i n i t i al assembly of the she l l  sys tem w i l l  b e  made at 

PSL befor e shi pment to Mad i son. 
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2.2.9 F i rst She l l  Acceptanc e and D e l i v ery 

Tolerances and spec i f i c a t i o ns for t he f irst she l l  system wi l l  b e  

d e veloped in  a manner very simi lar to those for t h e  VCV. Ac ceptance 

proc e d ur es and cr i t er i a  wi l l  a lso b e  simi lar . 
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3 .  Other Is sues 

3 . 1  Stress  Analysis  

3 . 1 . 1  St resses Wi thout Plasma o r  Currents 

These are atmospheric pres sure stresses on the VCV . A sample 

estimate of  these stresses yields a maximum merid ional stress of 

2 1 9  p s i  and a maximum hoop stres s o f  84  p s i  wi th a maximum deflection 

o f  0 . 003 " . Th i s  is a preliminary e s t imate based on a s imple closed 

toroid and does not include any bending stresses in flanges etc . 

Obviously , it  i s  clearly wi thin the compressive yield s trength of 

606 1T-6 a luminum ( �35K p s i) . 

3 . 1 . 2 St resses  Wi th Current s 

Forces for a number of cond i t i ons were shown in 

Figs . 2 . 2 . 1 . 4 . 2-2 . 2 . 1 . 4 . 8 .  One condition not yet analyzed for forces 

i s  pos sible field gradients acros s shel l segment s since plasma magnetic 

sur faces are s l ightly e lliptical and the shells  are circular . Careful 

analysis of all  stresses is not complete . 

3 . 1 . 3 S t resses Dur ing Di srupt i ons £! Ar c s  

Low impedance arcs of a l l  the she l l  gaps would create a force o n  

the shel l sys tem .  Th is  force might not easily b e  resolved by any 

practical tres t le , and these faul t s  must be avoided . Higher impedance 

arcs and partial arcs are being s tud ied , and design feature s  such as  
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insulated strapping around shel l  syst ems may be  adequate . Based on 

reported Los Al amos ZT-40 resul t s  one of the primary problems wi th a 

plasma disruption may be enhanced gap vol tages due to  the large dI / dt . 

Our internal liner would limi t the voltage during an instantaneous 

current termination of a 4 00 kA d i s charge to 5 600 volts . There also 

may be large grad ients in the magnetic  fields acros s  the shell 

s egment s .  

3 . 2  Si te Layout 

3 . 2 . 1  Constraint s by Magnetic Core Properties 

The exi sting iron core wi l l  be incorporat ed into the MST , and it 

dominates the layout . It blocks nearly 6 00 t oroidal access , its window 

cons trains the torus parameters , and , in addition , i t s  po sition mus t  be 

establi shed in the limited space so  that there is adequate d iagnostic 

and operations access while pre serving the overhead crane for moving 

shells in and out of the vacuum vessel . Further , s ince a ma j or part of  

thi s project  depends on convenient interchange of shells , the core 

keeper mus t  be lifted and translated suf ficiently t o  completely clear 

vertical access  to the vacuum vessel . The core and keeper size  then 

specifies a siting dif fering f rom that used for  the Levi tated Oc tupole 

in the same general area . The overall exploded layout is  illust rated 

in Fig . 3 . 2 . 1 . 1  where the core and top half of the VCV have been lifted 

and translated . The new core for the toroidal field will be placed 

below the MST r equiring that i t s  elevation be rai sed by about 18 inches 

from i t s  present height . 
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3 . 2 . 2  Layout o f  Capac i tor B anks and Transmi s s ion L ines  

The capac i tor b ank s are already i n  p l a c e  and  u s ed i n  ver sat i l e 

fash i on for Tokapole I I  and the Levi tated O ctupole . The b an k s  do not 

constra i n  the s i t i ng ,  but the tr ansm i s s io n  l ines mus t be r e cons t ructed 

and re located . These cons i derat ions place no s i gn i f i cant b ur d en on the 

s i t e l ayout . 

3 . 2 . 3  Constraints for D iagnos t i c s , Pump s , and Shar e d  H i gh-Bay F ac i l i ty 

Owi ng to the l i m i ted f lo or-plan s pace ava i lab l e  i n  the H i gh B ay , 

the requ i rement s for d i spla c i ng the core- k e eper mak e  i t  e s s en t i a l  t o  

p l an t h e  d i agnos t i c  port locat ions e ar ly i n  t h e  des i gn .  S im i l ar l y  the 

operator and computer ar eas ar e l im i te d .  Cont inuing the tra d i t io n  on 

the L e v i t ated Octupo l e , a s e c o nd d e c k  wi l l  b e  cons t ruct ed as dep i c ted 

in F i g . 3 . 2 . 1 . 1 . The shar ed 7- 1 / 2 ton overhead cr ane i s  adequate  for 

a l l  she l l  inter changes ,  but the new core-k eeper hoi s t  and t r a ctor mus t  

b e  kep t  be low the pul leys and tractor o f  the over head cr ane . The ho i s t  

e l ev a t i on ver t i ca l l y  c l ear s the he i ght o f  per sons o n  the second deck . 

Many par t s  of diagno s t i c  ap par a tus and as sorted p ower s up p l i es w i l l  b e  

i nstalled  on the s econd deck . 
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3 . 2 . 4  Layo ut of Operator Ar ea , D ata-Ac qu i s i t ion Computer , a n d  Control Area 

The entry to the H i gh B ay ar ea i s  shar ed with o ther r e s e ar ch 

group s , and a h i gh traff i c  reg i on result s . Requir ements for per sonnel 

safety dur i ng oper a t i o n  c on f ine the traf f i c  to the east wa l l  and the 



iron core as far to the wes t  as pos sible . The operator area , bank 

charging controllers , timing panel , and operations monitoring computer 

are thereby placed as in Fi g .  3 . 2 . 1 . 1 .  The data acqui sition computer 

is  then finally placed as shown ; a satisfactory layout is achieved 

despite many constraint s . 

3 . 3  Magnetic Fi eld Er rors 

3 . 3 . 1 .  Field Er ror Cr iteria 

The presence of nonaxisymmetric radial magnetic field within the 

plasma has two well-recognized effects harmful to magnetic confinement ,  

namely , the breakup o f  magnetic surfaces into i slands and the 

production of localized bump s in the outermost surface l eading to local 

plasma-wall interaction . Below we briefly describe the criteria 

empl oyed to determine the field error amplitude and spe ctrum acceptable 

in the machine design. 

Beyond the se two maj or concerns , field errors may produce other 

problems ; f o r  example , a gap may create an addi t i onal f i eld error in 

the presence of  a helically kinked plasma column or i t  may initiate an 

instability in an otherwi se s table plasma . These effects are discussed 

in Appendix III. 
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3 . 3 . 1 . 1  Magnet i c  I s l ands 

For a l ow-q tor o i dal dev i ce the r ad i a l  w i dth o f  an i sland is g i ven 

by 

br 
4 

(
Br r 1 / 2  
Bp ndq / dr ) 

where Br and n are the amp l i tude and toroi dal mod e  number o f  the error 

f i e l d , Bp and q are the polo i dal f i e l d  and safety factor at the s ur face 

r=ro whi ch is resonant wi t h  the per turbat ion . The expr e s s ion i s  val i d  

i f  the equ i l i br i um s ur faces are nearly c i r c ular and i f  the i s land wi dth 

is much l es s  than the m i no r  r ad i us .  

The q=O  reversa l sur face i s  the sur fac e that i s  mo s t  vulnerab le to 

i s land format ion s i n c e  for a per turbation w i th pol o i da l  mod e  numb er 

m= O , all n-values ar e r e sonant . S i nce br - n- 1 / 2 , low n error s are the 

mo st dangerous ; for example , i f  n= 1 and B r / Bp - 0 . 00 0 2 5 , then the 

i s land w i dth is about one-tenth o f  the m i nor radi u s . For m � ° only 

h i gh n � 1 0 ) erro r s  w i l l  produce i s l ands . O ur des i gn goa l i s  that the 

total radial  dis tance covered by i s l ands , wh i ch are produced by the sum 

o f  al l pred i ctabl e  f i e l d  error s , b e  l es s  than one�ten th o f  the mi nor 

radius . For our des i gn ,  th i s  cr i ter i on , wh i ch i s  much l e s s  s t r i ngen t 

than that l i s t ed be l ow for local flux sur f ac e  d i s tor t i o ns , i s  

we ll-sat i s f i e d  and s urpass ed by about two or ders of magn i t ude for the 

errors wh i ch have b e en c a l culat ed t o  date . 
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3 . 3 . 1 . 2  Magne t i c  Sur face D i s t ort ions 

H i ghly l o cal i z e d  f i e l d  error s , such as  occur s  at gap s , produce a 

broad wav e-number spect rum and thereby tend to y i e l d  i s l ands , due t o  

spec i f i c  r esonances , wh i ch ar e smal l .  Poten t i a l ly mor e s er i ou s  than 

surface  breakup is the bump that o ccur s  in the magne t i c  sur face at the 

loc a t ion of  the gap . Th i s  is known to  c ause ver y harmful p l asma- l i ner 

i nt e r act ion . 

We have adop t e d  a gui del ine that a l l  f i e l d-error-produc ed bumps 

sha l l  b e  no gr e ater than 1 cm , wh i c h  i s  3 % o f  the mino r  r ad i us . Th i s  

i s  l e s s  than the 5 %  natur a l  dev i a t ion from c ir c ulari ty wh i ch ar i s es 

from toro i d i c i tY j i . e . , concomi tant w i t h  the tor o i da l  shi ft o f  the 

plasma p os i t io n , the plasma becomes s l i ght ly e l l i p t i c a l  wi th an 

e l l i p t i c i ty o f  about 1 . 0 5 . Th i s  in i t se l f  wi l l  c ause some preferen t i a l  

hea t  depos i t io n  onto the l i ne r  ( albe i t  n o t  as  loca l i z e d  as tha t d u e  t o  

a g a p  error ) . 

3 . 3 . 2 . Toroi dal F i e ld System 

The toro i da l  magne t i c  f i e l d  i s  produced by dr i v i ng polo i dal 

cur r ent thr o ugh the 5 - cm-thi c k  alum i n um  vacuum t ank . The a dvantages o f  

th i s  sys tem over one that u s e s  d i s c r e t e  t or o i da l  f i e l d  w i nd i ng s  are  ( 1 )  

good d i a gno s t i c  access , unenc umbered  b y  toroi dal f i e l d  w i n d i ng s , ( 2 ) 

gr e at l y  decr ea s e d  f i eld  r i ppl e ,  and ( 3 ) e as i e r  demoun t ab i l i t y  o f  the 

vacuum tank , impor t ant for the stud i e s  i nvolv ing she l l  exchanges . 
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As i l lustrated in Fig . 3 . 3 . 1 ,  the poloidal current i s  fed to the 

tank through a l ong f l ange to d iminish field r ippple . The flange 

consists of a gapped cyl indrical s ect ion connected to a horizontal d i sk 

sect ion . Di s crete t ransmi ssion l ines from a transformer connected to 

the capaci t or energy st orage supply connect to the bottom o f  the 

cyl indrical sec t ion . The d isk s e c t ion of the f l ange connects t o  the 

vacuum tank gap at the midplane . 

Th i s  s y s t em  y ields a negligible f ield error f o r  two reas ons . 

Fir s t ly , the c onducting vacuum tank provid es a boundary c ond i t i on o f  

zero radial magne tic f ield ( except a t  the gap) whi ch grea t ly d iminishes 

the error f i e l d  in the chamber .  Se condly , the 

current- pr o f i l e-smoothing effect of the f l ange is suf f i c iently power ful 

that the chosen t oroidal d i s t r ibut ion of cables at the cyl inder base is 

nearly irrelevant . The feed cables wi l l  connec t  to the cyl inder base 

at four equal ly s paced locations wi th each conne c t i on c overing 40 o f  

toroidal c ircumf erenc e . Be low we d escribe the me thod and resul t s  o f  a 

calculat ion o f  the error magnet i c  field in the limi t that the tank i s  a 

perfect c onductor ( the " induct ive limi t " ) and in the l imi t that the 

t ank is highly re s i s tive ( the " resi s t ive limi t " ) .  Dur ing the 

experimental t ime the toroidal f ie ld syst em  is we l l- approxima ted by the 

induc t ive l imi t .  

3 . 3 . 2 . 1  Induc t ive Limi t 

Me thod : We solve analy t ically for the magnet i c  f ield wi thin the vacuum 

t ank by s eparately t r eating each of the three regions and mat ching 

s oluti ons at the b oundaries .  The current f l ow pat tern in the 
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cyl indrica l  and disk sections of the f lange ( r egions 1 and 2 )  are 

calculated as sumi ng the current f l ow i s  irro t a t i onal ; s uch i s  the case 

i f  there are no induced current s .  It i s  also the case in the present 

flange wi th a smal l  gap wid th and identical toroidal di s t r ibut ion of 

cables at the ba se of the inner and outer cyl ind er s . Th e  induced image 

cur ren t s  d o  not alter the f l ow pat t e rn f r om that whi ch exi s t s  if the 

induction were ignored , the pure ly d r iven case . The current per uni t  

l ength , 1, flowing o n  the f lange i s  then repre sented as 1 = V$ , and the 

potential sat i s fies the two d imensi onal Laplace equation wi th s o lut i ons 

on the cyl inder and 

( 2 )  

on the d i sk .  rc i s  the cyl inder radius , n i s  the t oroidal mode number 

of the current d i s tribut ion ,  ( 81 , zl ) are coordinates on the cyl inder , 

and ( r2 ' 8 2 ) are coord inates on the d i sk .  

Th e magne t i c  f ield in the vacuum tank ( r eg i on 3 )  requir e s  s o lution 

of a three-dimens ional La placian for the magnetic s calar potential $ 3 ' 

where B = V$3 ' If we ignore toro i d i c i ty an analy t i c  expr e s s i on for the 

po tential i s  
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where ( r 3 . e 3 t z3 ) are cyl indrical coordinates within the tank , d i s  the 

gap width . a is the tank minor radius , R i s  the tank ma j or radius t and 

the gap is l ocated at 93 = O. Since d is small i t  was a ssumed as a 

boundary condi tion that the radial magnet i c  f ield is c ons tant acr o s s  

the gap at r = a ( and z e r o  at  the tank surface) . The f i r s t  term 

represents the desired symmetric toroidal f ield . The second term i s  a 

sum over toroidal and poloidal mode numbers n and m ,  wi th the f i r s t 

term in the curly bracket repr e s enting the m = 0 contributions . 

The five coefficients Au .  Bn , en ' Dn t and br n are 
t 

straightforward ly obtained from the four matching conditions 
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J 2r ( rcp , 8 2 ) 

and the spec i f i ca t i o n  o f  the c ab le d i s tr i but i o n  

00 
L an cos  n 8 

n=O 

( 4 ) 

( 5 ) 

wher e an ar e the F o ur i er coeff i c i en t s  spec i fy i ng the t or o i d a l  

d i s t r i but ion of cab l e s  a t  t h e  cy l i nder b ase . R i i s  the t ank i nner 

maj or rad i us , and B z ' B r are the f i e l d s  w i t h i n  the tank . 

Resul t s : The nth t or o i dal harmo n i c  o f  the rad i a l  magn et i c f i e l d a t  the 

gap in the vacuum t ank i s  g i ven ( normal i z ed to the ax i symme tr i c  

toroi dal f i e l d )  by 

br n 1 6 � (c
J
n -nh/r c ( 6 ) , e 

b zO 7 aO R i 

amp l i tude d e crement decrement 

at base due t o  d i s k  due t o  cy l i nd er 
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where Ri i s  the inner ma jor radius o f  the torus . The full solution for 

the nth t oroidal harmonic of the f ield in the tank i s  obt ained from 

Eq . ( 3 )  t o  be 

nr3 I ' (_) 
d 

0 R 2 '" 

{2 '1ta ---- + 'It �1 
I ' O (�) 

nr3 I (_) 
md 

m R cos  ma3 s in _ ____ } 2 a  
I ' m(�) m 

nr3 I (_) 
md 

m R 
s in - ---- s in ma3 2 a  

I '
m(�a

) 
( 7 ) 

+ �  
nr3 I (_) 

md 
m R a a }  1:: s in _ ___ cos m 3 

'It 2 a  nr 
I '  �) m R 

where the fields are repres ented as a sum over poloidal harmonics 

represented by poloidal mode number m. 

Th e  distor tion of  the magnetic surface at the gap is evaluated 

from the radial magnetic field a t  the plasma edge , obtained from 

Eq . ( 6 ) . Fo r the four- lead connect ion employed in the design ,  only 

n-value s that are integer mul tiples of f our contribute . We note from 

Eq . ( 6 )  that the n=4 c omponent of  the rad ial f ield at the surface o f  
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the vacuum tan k  at the gap i s  3 %  of the tor o i dal f i e l d  ( us i ng r = 7 5  

cm , h = 7 5  c m  and R i = 98cm ) . T h e  fl ange reduces the n= 4 component 

fr om i t s  value at the c y l i nder base o f  nearl y  20 0 %  ( a4 / aO = 2 ) by a 

factor o f  abo ut 7 0 . H i gher n components are neg l i g i b le ; e . g . , the n= 8 

component i s  s ma l l er than the n= 4 by a f actor o f  1 60 .  The r ad i a l  f i el d  

amp l i tude decreases v ery rap i d l y  wi th dec r e as ing minor rad i us , a s  shown 

i n  F i g . 3 . 3 . 2  wh i ch plots Br , 4  versus r 3 us i ng E q . ( 7 a ) . At the p lasma 

sur face at r 3 = 32 em a t  the polo i dal locat ion of the gap , Br / BT i s  

0 . 2% ( or Br / Bp = 0 . 02 % )  wh i ch produces a bump i n  the edge magne t i c  

surface o f  about 0 . 00 2  mm . 

The polo i dal spectrum of the error f i e l d , necessary to evaluate 

i s land w i d ths , is ob ta ined from the i nd i v i dua l t e rms in  the s er i es o f  

Eq . ( 7 ) . Howev er for n = 4 , t h e  o n l y  t erm resonant i n  the plasma i s  the 

m=O component g i ven by 

4 r 

d 
I '

O ( 
R

3 ) 
4 z3 Br l m=O br , 4 s i n  ( 8 )  

n= 4 21Ta 
I , o ( �a ) 

R 

At the reversal s ur fa c e  i s  0 . 00 5% , y i e l d i ng a n  i s l and w i dth o f  

about 1 cm . 
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az imu th o f  t he gap) g enera t e d  b y  t oroid a l  magne t i c  f i e ld 

sys tem . 
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3 . 3 . 2 . 2  Re s i s t ive Limi t 

As time progresses during a d i scharge , the field error increases 

as radial magnetic field penetrates the vacuum tank . We have evaluated 

the field error in the wors t  case of the long- time limit and find tha t , 

wi th the flange system ,  the error i s  more than an order o f  magnitude 

lower than the design guideline . 

In the res i s t ive l imi t ,  all induced current s have decayed , the 

currents are purely driven and exactly descr ibed by solving the 2-D 

Laplace equation for the current flow , j = V� , on the conduc ting 

surfaces . Thus , the flange solut ions are still  given by Eqs . ( 1 )  and 

( 2 ) ; t he tank solution then simply requires solving for the 2-D current 

flow pattern on the toroidal surface ( from which the fields are then 

calculated) and matching to the flange , as before . 

Un fortunately , the 2-D La place equation is  not separable when 

wr it ten in toroidal coordinates . However , analytic treatment of the 

toroidal vacuum t ank current is s t i l l  pos s ible if we represent the t ank 

a s  a sequence o f  d isks and cyl inders , as  shown in Fig .  3 . 3 . 3 .  In the 

l imi t that the number of annul ar di sks and cylinders is taken to be 

infini te an exact solution resul t s . 

The s olut ion for the potential o f  the pth s egment , let us say a 

cyl indrical segment , is given by 

m nz / r  -nz / r  
A z + L ( B  e p c p  + C e p cP) cos  n e  p p n=l p p 
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for r e s i s t ive l im i t t o r o i d a l  f i e l d  calcul a t i ons . 

6 3  



where ( ep , zp ) are coordinates along the cyl inder d enoted by p and rcp 

i s  the radi us o f  the cylinder . For the p+1 s egmen t , a d i sk ,  

CD 

'P+1 ( rp+1 , ep+1 ) = Ap+1 lnr + 
nE1 

( Bp+1r�1 + cp+1r�1 ) c os ne 

The ratio o f  the height hp t o  radius rc p  o f  e ach segment i s  determined 

by the requi rement that the segments l i e  al ong a c ircle . Matching o f  

the solutions a t  each di sk/ cyl inder boundary i s  s traigh t forward ; 

therefore we wi ll advance t o  the resul t s . 

The radial magne t i c  field at the locat i on o f  the gap for the nth 

t oroidal mode i s  

where the approxima tion an « Ri
n was emp l oyed . Th i s  expr e s s i on i s  

identical t o  Eq . ( 6 ) , the indu c t ive case , except f o r  a numerical 

br 4 factor . Fo r the d ominant n = 4 mode , ___ , _ i s  1 . 3% .  Thi s  create s  a 
BzO 

magne tic surface d i s t ort ion o f  about 0 . 01 mm .  However the field does 

not d imin i sh a s  rapid ly wi th decreas ing radius a s  for the induc t ive 

case . 

To evaluate the m = 0 i s l and wid th we poloidally average the n = 4 

current . The nonaxisymme tric component o f  the po loidal current at an 

-
arbitrary location on the tank , jp , i s  given by 
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an 
2 ( a ) n -nh/a -- - e e 

aO R 
( 1 0 )  

wher e j o i s  the ax i symme tr i c  polo i dal current , R i s  the maj o r  r a d i us o f  

the p o i n t  a t  wh i ch the cur r ent i s  e valuated , and the summa t i o n  i s  over 

all  cy l indr i cal s egments at maj o r  r ad i i  smaller than the g i ven 

lo cat ion . Aga i n , we i nvoked an « Rn . Thi s express ion is s im i lar t o  

Eqs . (6 ) and ( 9 )  f o r  the error f i e l d  a t  t h e  gap , ex cep t that the error 

is d im i n i shed . That i s , the vacuum tank i ts el f  serves as a f l ange i n  

that as c urrent proceeds polo i da l l y  around the t ank , i t  s pr e ad s  and 

becomes mor e  ax i symme tr i c .  The d i sk-l i ke e f fect o f  the tank i s  ev i d ent 

in the ( a/ R ) n term , and the effect  of a l l  the sma l l  c y l i n dr i cal 

s egments is  s e en in  th e last exponent i a l  term . 

The r i pp le-smooth ing effect  o f  the t ank i ts e l f  i s  ob serv ed by  

no t i ng that at the out s i de o f  the tank at the m i dplane the er ror 

c urrent has decr eased to 0 . 02 1 % ( from 1 . 3 %  on the i ns i de ) . At th i s  

locat ion the summat ion i n  the e xponen t i a l  term c an b e  calcul a t ed 

analyt i cally i n  the exact l i m i t o f  an i n f i n i t e  number of  cyl i nd r i ca l  

s egments . The m = ° component of  the error current ( or error f i e l d ) i s  

about 0 . 35% of  the ax i s ymme tr i c  c omponen t . The m = 0 ,  n = 4 r a d i a l  

f i el d  d i m i n i shes s l owly wi th r ad i us a s  

b I - I ( 4r ) r m= O 0 R 
n= 4  

( 1 1 )  

At the r e ver sal surface ( r= 2 5  cm ) the r a d i a l  f i e l d  i s  0 . 25% o f  the 

toro i dal f i e l d  wh i c h  y i e lds an i s l and w i dth o f  ab out 4 . 5  cm . 
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Thus , as  t ime progresses during a d i s charge , the surface 

dis tortion and islands increase , but always remain neglig ible . 

3 . 3 . 3 . Poloidal F i eld System 

The plasma current and poloidal magnetic field are driven by an 

iron core transformer wi th primary winding s wound around the core . The 

conduc ting vacuum tank carries an image current of the toroidal plasma 

current . The axisymmetry of the tank currents ( which play the role in 

plasma shaping of  the usual axi symme tric primary winding current) i s  

achieved by an additional sys tem o f  windings ( cal led continuity 

windings) which connect from one s ide of the poloidal gap in the tank 

t o  the other s ide , as shown in Fig . 3.3.4. The continui ty windings 

surround , but d o  not link , the core . Their purpose i s  t o  allow the 

toroidal tank current to continue acros s  the gap without distortion . 

The continuity current s are t ight ly coupl ed t o  the primary windings 

who se poloidal di stribut ion is such that the driven continui ty winding 

current mat ches the desired tank current distribution (which image s the 

plasma) . 

Th i s  po loidal field sys tem i s  chos en becaus e i t  i s  

energy-ef f i c ient and allows diagnostic  acces s unencumbered by primary 

windings surrounding the torus . Th e  field error ampli tude is  

determined by the degree of perfection o f  the poloidal di stribution of  

the primary/ c ontinui ty wind ing syst em .  Th e  c ontinuity winding 

surrounds the s quare core and is connected to the circular vacuum tank 
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via a flange ( s ee Fig . 3 . 3 .4) . The flange reduces the effect at the 

tank gap of field error s  generated by cont inui ty-winding imperfections . 

We first evaluate the desired primary winding distribution which 

resul t s  in no f ield error , that i s , no rad ial magnetic  flux penetrat ing 

the gap . The desired toroidal tank current is obtained from the 

equilibrium code described in Se c .  3 .4 . 6 .  A typica l  poloidal 

di s tribution of the tank current density is shown in F i g .  3 . 3 . 5 , where 

the effect o f  the outward shi f t  of  the plasma is seen to  enhance the 

current at the out side o f  the torus . 

The d e s ired primary/ continui ty winding d i s tribution is that which 

satisfies two requirements at the gap . Fi rstly , the poloidal 

dis tribution o f  the radial cur rent in the flange , a t  the tank surface , 

mus t  match that of Fig . 3 . 3 . 5 . Se condly , the poloidal current at the 

flange tank interface must be zero . These conditions serve as  two 

boundary conditions in the solut ion for the current dens i ty f low 

pat tern 1( r , 9 )  on the flange , i . e . , 

where the � speci fy the tank distribution and ( ri , 9 ) are coordinates 

on the flange . So lution of the 2 -D Laplace equa t ion for $ ,  where 

1 = V$ , s traightforwardly s pecifies the current everywhere in the plane 

of the flange . The desired primary/ continui ty winding current 

dis tribution is obtained by then evaluating the current dens i ty on the 
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appropriate s quare contour . The comp onent normal to the square edge of 

the flange is the current magnitude that mus t  be carried by the 

continui ty wind ing at that point . 

The resul ting primary/ cont inuity current distribution is shown in 

F i g .  3 . 3 . 6  for four cases -- the 3 2 cm , perfectly conduc ting ( " thick" ) 

shell case , the 3 2  cm plasma thin shell case , the 5 2  cm plasma case and 

a hypothetical case ( dashed curve) of a s traight plasma in which 

toroidicity i s  ignored . Each figure shows the distribution in one leg 

of the core ( t op half-plane only) . Comparison with the straight plasma 

case indicates that the dominant poloidal nonuniformity in the 

distribution ari ses s imply to accommodate the 1 / r2 fal loff of 1 and 

nonuniformi ty of the dis tance betwe en the cir cular tank and square 

winding aperture . Ca se-to-case differences arise from toroidal effects 

of differing current profiles . Cl early , ad ju s tability of the winding 

distribution is neces sary to accommodate the various cas es . 

To evaluate the field error generated by imperfect 

primary/ continui ty windings we solve for the flange current as before , 

bu t wi th the first boundary cond i ti on r eplaced by a chos en distribut ion 

of normal current s at the square boundary whi ch represents an 

improperly d i s tributed continui ty winding current . The resultant 

flange poloidal current at the tank surface a t  the gap i s  then 

evaluated , whi ch yields d irectly the radial error field . Numerical 

solut ion of thi s problem,  as wel l  as  calculat ion of the expected 

deviation of the windings from the ideal case , i s  s till  in progress . 
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Fi g .  3 . 3 . 6 a :  De s i red out s i d e  pr imary wind ing current d ens i t y  vs 

d i s tance aiong the core for four d i f f erent plasma cases . 
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However , i n it ial results , as follows , ind icate that the f ield error is 

extremely small . 

Prel im i nary est imates ind icate , for example , that i f  th e w ind ing 

d istr ibut ion were hypothet ically chose n to ignore ent irely toro idal 

e f fects ( i . e . the dashed curve o f  F ig .  3.3 . 6 ) ,  the m = 1 rad ial f ield 

enter i ng the tank gap w ould be about 20 % o f  th e polo idal magnet ic 

f ield , the m = 2 about 15 % ,  and succeed ing polo idal modes much smaller . 

Although seem ingly large , these errors create n egl ig ible magnet ic 

islands . Due to the van ish i ng o f  the rad ial f ield on the wall away 

from the gap , the relevant Four ier modes are small . For example , the 

m = 1, n = 10 mode would be about 0 . 02 % o f  the polo idal f ield , y ield ing 

a n  island w idth o f  about 1 cm . 

To evaluate the local bump i n  a magnet ic sur face at the gap , we 

have evaluated the nth polo idal harmon ic o f  the f ield ins ide th e tank 

to be 

d r m-1 2 co 
br s i n  rna {- ( - ) + - L: 

2TIr a TI n= l 
s in 

where br is the rad ial f ield at the gap (at r = a ) , d is the gap w idth , 

and z is the toro ida l  d irect ion . The s ig n i f icant po i nt is that the 

rad ial f ield decreases extremely rap idly w ith decreas i ng rad i us .  

F igure 3.3 . 7 shows the minor rad ial dependence of the m = 1 component 

of the rad ial f ield at the toro idal a z imuth o f  the gap . At a m inor 
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radius of 4 5 cm,  the error field has fallen by an order o f  magnitude 

from its wal l  value . At the surface of  a 3 2  cm plasma the error field 

is about 4% o f  its wall value . Hence , for the above-mentioned 2 0% wall 

error , the error at the plasma is  only about 1% , which creates a bump 

in the magnetic surface of about 1 cm , whi ch is we ll wi thin our 

guidel ines . Hi gher m value s behave simi larly , as depicted for m = 2 in 

Fig . 3 . 3 . 8 .  

3 . 3 . 4  Errors Due t o  Portholes 

Any aperture in the shell or vacuum tank interrupts the current 

flow ,  thereby creating a local field error . An advantage of  having the 

vacuum container separate from the first  wall is that the large pump 

port s need only be located in the large vacuum tank which i s  relatively 

far from the 3 2 cm plasma . Al l holes in the she l l  and liner will be 

1 . 2 5 " diameter or less . This includes holes for pumping , diagnostics , 

gas feed , e t c .  

Nevertheles s , these small holes create errors that mus t  be 

evaluated . For a single hole in a thin , conduc ting wall (wall 

thicknes s  much less than hole radius ) t he current density flow pat tern 

in the wal l  is eas ily solved and is given by 

where ( r , 9 )  are polar coordinates centered on the c ircular hole , a is  
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the hole radius , and JO i s  the current densi ty far from the hol e . The 

current flow pattern described by these equations is sketched in 

Fig .  3 . 3 . 9 .  Given these currents ,  we have solved for the resultant 

error field away from the hole . Figure 3 . 3 . 1 0 i l lustrates the spatial 

dependence of the radial error field . The next s tep wil l  be to 

superpose the error fields due to all the holes in the shell , evaluate 

magnetic surface distortions and Fourier analyze to  calculate i sland 

s tructure . 

A refinement of the above calculation, which wil l  be enacted , wil l  

b e  to include the finite thickness  of  the conducting wal l .  Similar t o  

a flange , this has the effect of somewhat reducing the perturbation to  

the current since the current can now c ircumvent the hole by flowing on 

the lip of the hole rather than the longer path on the plane ( s ee 

F i g .  3 . 3 . 1 1 ) . An inexact estima te of  this ef fect i s  easily obtained by 

assuming the current on the hole i s  driven , with no induced effects . 

The 2-D p roblem is then separately soluble on the plane and on the 

cyl indrical surface . Matching then yields the solutions on the plane , 

where w i s  the thickness  of the wall .  Thus , the second term in each 

equation,  which represents the deviation from the s traight s treamlines , 

i s  d iminished by an exponential factor whi ch depend s  upon the 

thickness/radius rati o .  I f  w = a ,  the current s treamlines wil l  be 

nearly straight everywhere for r > a .  
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Fig .  3 . 3 . 9 :  Sketch of current flow pat tern around a hole in a 
zero- thickness wal l .  
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Fi g .  3 . 3 . 1  Oa : Radial magnetic field ( normal i z ed t o  Bp) due t o  1-1/4 " 
d i ame ter porthole at a d i s tance , d ,  o f  4 cm from the wall 
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o r thogonal to unperturbed current f l ow ,  pas s ing through 
the hole axi s . The right-hand s i d e  of the curve has been 

i nverted . 
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Fig . 3 . 3 . 10b : Porthole f ield error at 8 em from wall . 
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f in i t e  thickne s s  wa l l .  
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An appropriate three-dimensional calculation in the inductive 

l imi t wi l l  follow the thin-wal l  calculation . 

3 . 3 . 5  Fi eld Error Co rrection Scheme 

Af ter all due attention has been paid to reducing field error s , we 

wil l  have the capability o f  feedback control of local errors as 

described in Sec . 5 . 4 . 4 of our original proposal . Ba s i cally the 

provi s ion entails includ ing 37 8 holes of 1 /4 " diame ter around the 

poloidal and toroidal gaps in the vacuum ve ssel ( 1 28 on inner toroidal 

flange , 1 66 on outer t oroidal flange , and 84 on the poloidal flange) s o  

as t o  allow sense and feedback coils whi ch drive t o  z ero the c omponent 

of magnetic field normal to the gap . High-power operational ampl ifiers 

capable o f  providing 1 000 t o  2 000 ampere- turns at 2 0 vol ts with a 

risetime of 5 0 �sec have been proto typed and tes ted on the Octupole . 

These wi ll be installed only if  residual field errors at the gaps are 

determined t o  be a problem and then only in such quantity as i s  

required t o  eliminat e  any d egredation o f  per formance due t o  field 

errors at  the vacuum ve ssel gaps . 

3 . 3 . 6  Sh el l Ga p  Fi eld Errors 

In order to amel iorate errors generated by the poloidal and 

t oroidal gaps in the shell , we are ins talling two shells  with the gaps 

of the two shells displaced . Thus the gaps in the inner shell are 

surrounded by the c onduc ting metal of the second she l l  which , s omewhat 

s imil ar to a flange , allows the necessary current d i s tortion at  the gap 
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to  occur on the out er shell , leaving the inner shell currents 

relatively axisymmetric . This t echnique has been discus sed in some 

detail in the original proposal ; our approach has not changed . 

3 . 4  Magnetics and E l e ctrical C i r cuits 

3 . 4 . 1  El ectrical C i rcuit Mo del 

The primary tool for designing the elec trical circui ts  for driving 

the plasma current and magnetic fields has been a numerical circui t 

model  simi lar t o  that used by Culham and Lo s Al amos t o  predict the 

waveforms for HBTX-1A , ZT-4 0 ,  and other RFP d evi ces . The poloidal and 

toroidal field circuits  are shown in Fi g .  3 . 4 . 1 .  Each field i s  driven 

through an iron- core transforme r .  The component s o n  the primary o f  

each trans former have already been ins talled except f o r  inductor Lp 2 

which is  used to  flat ten the waveform and wil l  be added after the 

plasma resis tance has been determined experimental ly . In the poloidal 

field secondary , the inductance LpS represents f lux out side the liner 

and leakage f lux between the primary and continuity windings . The 

calculation i s  s omewhat conservative in that the flux excluded by the 

shel l ( 2 7 %  of the total) is ignored . The eddy currents in the shell 

decay wi th a t ime cons tant of 6 msec . RpL i s  the resistance of  the 

liner in the toro idal d irection . The plasma is  represented by a 

re s i stance Rp and a current source I � in the toroidal direction . 

Simi larly , the toroidal field secondary has an inductance LTS ' a l iner 

with poloidal res i stance �L ' and a poloidal pla sma current I e . 

86 



1 2 0 � ..n.. 
'" 

R p2 

L Pa 
:3. 2 ""  H 

+ 1  
C pa 

- I . o lf"& F/S K V  

ST2 

R T2 
...5 o ",  ..n. 

c,.2-
+ I , . 5F/"t50 V 

/. � , I S pI 

.!L � 
C p. Cpo 

-
• •  .. ' Fls .. " io,uF/30K" 
PO l. O  l DA I.  F l E. l.. O C I R C U I T 

\l 

+ 

S T . 

R T • 
SO'mA.. 

CT. 
. O l !S F  ! S I<V 

To Ro t 011\ L 1= ' �L. j)  C I R C U I T  

1 3 ""  .n.. 

VVVv 
R,p , 

" o � t-I  

I I . 
CWQ.Q.QQ 

I 
VPG 

4-0 ' I  
N p : I 

I I I 

"-rG 
2 0 

N,- t I 

L p 5 r I Rp 

V9 R pL. 

o . e ,u H 
� 
'- T$ 

----- --

Co u P I- E D n 
V I A  F (9) 

\Ie Rn 1 0, 6 
...... ..n.. 

F ig . 3 . 4 . 1 :  MST E1ect r ica1 C ircu it Model . 

00 
..... 



The two circuit s  are coupled via the F( e ) curve for a modified 

Be s sel function model , where 

and <B �> = --\ J V e dt 
na 

F 

a = 

A polynomi al expression for F ( a ) recommended by Lo s Al amos has been 

used : 

F 1 - 0 . 4381 56 a2 - 0 . 07 8398 a3 - 0 . 1 9 0 1 09 e4 + 0 . 09 85 a 5 

Th i s  expres sion i s  plotted in Fi g .  3 . 4 . 2 .  Furthermore , a portion of 

the toroidal current I � i s  induced by the po loidal voltage V a accord ing 

to  

where the internal e f fective plasma inductance Lp and the c oupling 

constant B are given by other polynomial funct ions of e , 
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Fig . 3 . 4 . 2 :  Mod if ied Bes sel funct ion mod el u sed for electr ical 
c ircu it s imulat ion . 
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- 5 . 0 5 789 oS + 1 . 89014  0

6
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which are graphed in Fig . 3 . 4 . 3 .  No te that this inductanc e  is  not the 

inductance that one multiplies by the plasma current to get the 

internal po1oida1 flux , but rather is an effective inductance related 

O o� 
to it by Lp + 2 �' 

Th e  magnetiz ing current in the po1oida1 iron c ore has been 

represented by 

where � is the f lux in the core 

� = J VPG d t  

Be i s  the ini t ial iron-core bias field ( 1 . 5  t e s 1a) , and A i s  the 

effective cro s s- sect ional area of the core ( 0 . 5 8m2
) .  These quantities 

have been calculated from the manufacturer ' s  s pecification for the iron 

and compared wi th experimental measurements ( s e e  Se c .  3 . 4 . 4 ) . The 

toroidal iron core has excess volt- second s and hence negl igible 

magnet izing current for the purpose s of  the present calculation.  
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Fig . 3 . 4 . 3 :  Pl asma internal inductance ( a) and coupl ing constant ( b) vs 
pinch parameter 9 .  
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Th e swi t ch Sp 1 in Fig . 3 . 4 . 1 i s  c l o se d  at t = 0 t o  begin the 

d i s charge , and the capac itors CpO ' �1 ' and Cp2 are as sumed to be 

char ged to their ful l  rated vo l t age s . Swi tch ST 1 i s  closed before the 

start of the calculat ion at a time such that the vol tage acros s  CTl i s  

zero a t  t = 0 and the average t o ro idal f i eld i s  8 0 0  gaus s . Swi tch ST2 

is clo sed when the toroi dal f i eld at the wall cro s s e s  zero ( when I e  

r eve r ses) . �2 i s  initial ly charged t o  - 4 5 0  volt s .  Th e swi t che s and 

the d iodes are ac tually igni trons wi th forward voltage drops o f  1 3 

vol t s . No igni trons have t o  open under load . 

Th e mos t  c r i t i cal (and unfor tuna t e ly the lea s t  certain) e lectrical 

parame ter is the plasma res i s t ance . There i s  evi d ence that when Ze f f  

and g eome t ric fac tors are properly taken into ac count , the r e s i s tivi ty 

during the flat top phase o f  the d i s charge is clas s i cal . Fur thermore , 

the temp erature appear s to scale l inearly wi th plasma current 

( �l eV/kA) at lea s t  if the p l a sma den s i ty is control led . We have 

the r efore assume d  for mo s t  of the c ir cu i t  model ing a clas s i c a l  scaling 

with the c oe f fici ent ad justed to f i t  a 2 0 0  kA , 50 v o l t , ZT-4OM 

d i s charge : 

Thi s  case wa s chosen because of the l arge data base tha t exi s t s  for 

ZT- 4 0M and because i t  i s  s imi lar in cur rent dens i ty to that expected in 

MST . It i s  s omewhat cons erva t ive in tha t  recent ZT-40M d i s charge s  

a f t e r  pul sed di s charge cleaning have been as l ow as 4 0  vol t s  a t  200 kA . 
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The scal i ng above appar ent ly underest imat es the observed 

r es i s t i v i ty dur i ng startup when h i gh star t up vol tages are used ( see 

Sec . 3 . 4 . 4 ) . To  g i v e  a res i s t ive volt-second consump t ion that scales 

proper ly from ZT- 4 0M , the r es i s t i v i ty dur i ng s tartup ( when F > 0 ) i s  

enhanced by a factor o f  V pO / 1 2 5 0 0  + 0 . 6  wher e VP O i s  the s t ar t up bank 

vol t age ( 5 - 3 0  kV ) . 

I n  order to avo i d  an infi n i te r�s i st ance at t = a when I �  = 0 ,  an 

upper bound of 20 mQ i s  placed on the res i st anc e . T h i s  i n i t i al 

r es i s tance i s  cons i s t ent wi th what i s  seen on Z T - 4 0  and shoul d be 

eas i l y  ach i eved  by l ow p ower ECRH ( 50  W of 2 . 4 5 GHz ) . I t  corresponds 

to a conduc t i v i ty temp e r ature of - 1  eV . No  add i t i onal a l l owance i s  

made for breakdown s i nc e  i t  i s  assumed tha t ECRH w i l l  p r o v i de the 

pre i on i z at i on .  

Ther e was a sma l l  error i n  the c i r cu i t  mod e l  whos e  net  result i s  

t o  require a 200 �F r ather than a 1 0 0 �F fast star t up bank f or the Bp 

c i r cu i t  t o  y i e l d  the wav eforms shown in the presenc e o f  a cont i nuo us 

r es i s t i ve l i ner . Thus e x tr a  capac i t or s woul d have t o  b e  p urchased at 

an est imated cos t of  $5 , 000 . 

3 . 4 . 2  B ase l i ne Des i gn Wav e forms 

Subj ect to the a pproximat i ons of the prev i ou s  sec t i on , e l ec t r i cal 

waveforms hav e  been calculated and d i splayed i n  F i g . 3 . 4 . 4  for the cas e 

i n  whi ch all capac i to r  banks are char ged t o  t he i r  f u l l  r at e d  vo ltages . 

Although the r e  i s  room t o  trade off parameters  such as peak current and 
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Fig . 3 . 4 . 4 :  Electr ical waveforms for ba sel ine design case . 
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pulse  length , the case shown has been us ed as a basel i ne des i gn s i nc e  

i t  represents o u r  best  est imate of t h e  max i mum performance of the 

mach i ne wi th an a = 32 cm rad i u s  l i ner and Ho = 1 . 56 meter s . I t  also 

r e qu i r e s  mi n imal mod i f i ca t i on o f  our ex i s t i ng capac i tor banks . The 

basel i ne case has a 40 : 1  turns r a t i o  on the pol o i dal f i e l d  core so as 

t o  prov i de 7 5 0 vol t s / t urn of star t up voltage . 

3 . 4 . 3  A l ternate Wav eforms 

1 04 

I n  an at t empt to bracket the r ange of expected performance , we 

have exami ned a large number o f  alternate cases . For examp l e , i f  the 

p l asma r e s i s t ance , both dur i ng s tartup and dur i ng the f l at top were a 

factor of two hi gher than expected ( correspond i ng appro x i mate ly to no 

a2 /R o enhanc ement over ZT- 40 ) , the resul t i ng p lasma current and cor e  

f l ux wave forms would b e  a s  shown i n  F i g . 3 . 4 . 5 .  T h i s  case requ i r e s  a 

f l ux swing o f  2 . 0  vol t-sec  and draws a peak core magne t i z i ng c ur r en t  o f  

6 0 0  kA-t urns . 

We have also exam i ne d  the case of d i s char g i ng a l l  c ap ac i tor banks 

at t he i r  ful l  rated vo l tage i nt o  the machi ne w i th no pl asma p r e s ent to 

ensure that peak curr e nts , mechan i cal stresses , thermal l oads , e t c . ar e 

t o l erabl e .  The general s t r at egy has been to  place  enough i mpedance i n  

t he transformer pr i mar i es t o  prevent destruct i on o f  all  c omponents .  

F i gur e 3 . 4 . 6 shows the po l o i da l  pr imary current , the c urrents i n  the 

l i ner , and the ohmi c ener gy dep os i ted i n  the l i ner . The toro i da l  f i eld  

s y s tem i s  l i tt l e  affected by the p lasma . 
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Fi g .  3 . 4 . 6 :  El e c t r i c a l  wave f orms f o r  a case in wh ich the capac i to r  

banKs a r e  d i scharged i n t o  the machi ne at ful l voltage wi th 

no plasma present . 
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F i nal l y , i n  F ig . 3 . 4 . 7  we show the case of a full  a = 5 2  cm 

r ad i us , Ro = 1 . 5 meter plasma ( no she lls ) . For th i s  case , the 

i nduc t ance Lp 2 and res i st ance R p 2 i n  F i g . 3 . 4 . 1  hav e been removed so 

that the plasma current r i s es to 80 0  kA and then decays wi th the L / R  o f  

the plasma a f t er the cur r ent p e a k  wh i ch i s  typi cal l y  60 msec . Th i s  

case i s  energy-l imi ted rather than flux- l i m i t e d , and s o  one could 

ach i eve somewhat h i gher current s ( - 1  MA ) i f  the polo i dal capac i tor bank 

were enlarged . 

3 . 4 . 4 Volt-second R e qu i r ements and L i m i t s  

The vol t - s e conds r e quired  for a g i ve n  plasma d i schar ge can b e  

d i v i ded into thr e e  par t s : 1 ) i nduc t i v e , 2 ) res i st i v e  dur i ng star t up 

( when F > 0 ) , and 3 ) r es i st i ve dur i ng ramp-up and f l at-top . 

The i nduc t i ve par t has been est imat e d  by scal i ng from ZT- 4 0 and 

from our own f l ux plot calcul a t i ons assumi ng r easonabl e  current 

prof i l e s  ( see  Sec . 3 . 4 . 6 ) . The results ar e v i r t ua l l y  the same and lead 

to  an i nduct ance  of 1 . 7 �H i n s i de the l i ne r  and 1 . 0 �H outs i de the 

l i ner ( i gnor i ng flux whi ch has soaked into the she l l  and vacuum chamber 

wal l ) . Thus for a 4 00 kA d i s char ge , we r e qui r e  1 . 0 8 webers for the 

i nduc t i ve par t . 

The r es i st i v e  star t up vol t - s econd requir ement is scaled from ZT- 40 

accord i ng to 
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where I
� 

i s  the peak plasma current , 'R i s  the current ri s et ime , and 

all un i t s  are MKS . If we apply th i s  formula up to the t ime of reversal 

A 

( 'R = 1 . 5 ms ec ) where I
� 

= 1 85 kA , we pred i c t  - 0 . 1 3 volt- seconds . In 

the c ircuit  s imulat i on , the in i t i al res i stanc e was cho s en to g i v e  about 

th i s  vol t - s e cond consump t i on as described i n  S e c . 3 . 4 . 1 . 

The rema i n i ng 0 . 8  volt-seconds is  thus ava i l ab l e  for the ramp-up 

and f l at - top . If we c an run wi th a l oop vol t age o f  2 0  vol t s  ( a  

reasonab le extrapolat i on from ZT- 40 assum i ng res i s tance s cales  as 

2 Ro/a ) ,  we can ach i eve a nominal 40 ms ec pulse  length . 

The ul timate p erformance o f  the mac h i ne ( espec i ally  peak plasma 

c urrent and pul s e  leng t h )  i s  det ermi ned pri nc ipally  by the flux l imit  

o f  the iron core i n  the polo i dal f i e l d  c ircu i t . The phy s i cal 

d i mens i ons of the core hav e been care ful ly measured and are gi ven in 

F i g .  3 . 4 . 8 .  The manufacturer ' s  spec i f i c at i on for the magnet i c  

propert i es of the iron are shown i n  F i g . 3 . 4 . 9 .  Over the range o f  

i ntere s t  ( B  � 1 t e s la ) , the magne t i z ing current i s  an approximate 

exponent ial func t i on o f  the flux as i nd i cated by the stra ight l i ne in 

F i g . 3 . 4 . 9 .  

The electr i c a l  characteri s t i c s  o f  the core were also  measured 

experimentally . Th i s  was done by d i s charg i ng a 0 . 0 4 8  farad c apac i tor 

bank that could b e  charged to 5 kV ( 60 0  kJ ) i nto a 3 2- t urn primary 
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w i nd i ng on the cor e i n  the abs ence of plasma or other secondary 

c ur r e nts . The pr imary curr ent was measured b y  mon i tor i ng the voltage 

across a 5 0 � n  shunt , and the cor e flux was mea s ur e d  by pas s i vely 

i n t egrat i ng the vo l t age a cross a s i ngle-tur n  l oo p  ar ound the cor e . The 

c urr ent and flu x  measurement s wer e cal i brated to an accuracy est imated 

a s  ±2% . T yp i ca l  traces of the  flux and cur r ent ar e shown in 

F i g .  3 . 4 . 1 0 .  The core was degaussed b e tween pulses  by means o f  a 

1 2  v o l t  battery that coul d prov i de - 1 00 amps x 3 2  turns . T he remanent 

magne t i z at i on of the core was mon i tored by a Hall probe near the gap 

where  the top l e g  of the cor e meets the outs i de l e g .  The remanent 

f i e l d  wa s � 3 5 0  gauss for the cases shown and le d  to a small ( 2% )  

correc t i on to the data . From data o f  th i s  sor t  the magne t i z at ion curve 

i n  F i g .  3 . 4 . 1 1  was construc ted . Also shown i n  the f i gure is the 

theor e t i cal expectat i on based on the manufacturer ' s  B-H s pec i f i cat ion 

and the expone n t i al f i t  used i n  the c i r cu i t  s imul at i on . From the data , 

we conc lude tha t  wi th a 1 . 5 tesla b i a s  f i e l d , the cor e can be swung 

2 . 0  vol t - s econds w i th a magne t i z i ng current o f  ab out 4 0 0  kA- turns . 

3 . 4 . 5  Core B i as i ng 

The sel ec t i on o f  1 . 5 tesla core b i as r ep r esents a comprom i se 

between the des i r e  to get the max imum flux sw i ng and the rap i dly 

i ncr eas i ng power requ i r ements for the b i as i ng c ir cu i t . From 

F i g . 3 . 4 . 9 , i t  can be  seen that 1 . 5 tesla r e qu i r e s  about 3 0  oer steds or 

24 kA- tur ns for a cor e l e ngth of 1 0  meters . Wi th a 4 0 - t ur n  pr i mar y , we 

thus requ i r e  6 0 0  amp s . A power supp ly is on hand that wi l l  prov i de 

6 0 0  amps at 40  vol t s  ( 2 4 kW ) . Thus , we are a l l owed a c i r cu i t  
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MAGNETIZING CURRENT 
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Fi g .  3 . 4 . 1 0 :  Me a surement o f  core f lux and ma gne t i z i ng current typi cal 

of tha t u s e d  t o  ve r i f y  t he electrical propert i e s  o f  the 

po l o l d a l  iron core . 
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r e s i s t anc e of - 6 7  mQ . T he mos t  str a i ght f orwar d b i as c i r cu i t  wou l d  use 

an inductor o f  - 40 mH ( s o  as t o  consume o n l y  1 0% o f  the e n e r gy in t h e  

p o l o i da l  f i e l d  bank ) w i t h  54 mn r e s i s tanc e ( a l l ow i ng 1 3  mn f o r  the 

p o l o i d a l  f i e l d  p r imary ) . Such an i nductor , i f  made 1 m e t er 

l ong x 2 me t e r s  i n  d i am e t e r  u s i ng copper wi r e  i s  e s t i ma t e d  to c o s t  

- $ 20K . Coo l i ng o f  the i nductor shou l d  n o t  b e  a p r o b l em s i nc e  the b i as 

s upp l y  nee d  on l y  b e  on for 1 -2 s e conds ou t of e v e r y  3 m i n u t e s , and thus 

the av e r age d i s s i p a t i on is - 1 00 wat t s . 

One dr awb a c k  of a d c  b i as s cheme i s  tha t a d c  f i e l d  e r r o r  i s  

produced a t  th e l o c a t i o n  o f  the p l a sma unl e s s  t h e  b i as w i nd i ng s  a r e  

p l a c e d  i n  t h e  r i gh t  l oc a t i on ar o und t h e  cor e ( s e e  Append i x  I I I ) . T h i s  

r eq u i r ement p r e c l ud e s  b i as i ng thr ough t h e  same p r i mary w i nd i ng that i s  

u s e d  for the pul s e d  curr e n t . A l t e r n a t e  s cheme s us i ng p u l s e d  b i as i ng 

a r e  under i nve s t i gat i on , but they t yp i ca l l y  r e qu i r e  an una c c e p t ab l y  

l ar ge capac i t or b ank o r  a h i gh curr e n t  sw i t ch tha t opens under load . 

3 . 4 . 6  M a gne t i c  F l ux P l o t s  

3 . 4 . 6 . 1  E quat i on s  

T o  so l ve for the e q u i l i b r i um s t at e , we s t ar t  w i th the 

magne t ohydr o s t a t i c  e q u i l i b r i um e q ua t i on s : 

� � 

V • B a 

� � 

j x B VP 
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Assum i ng ax i s ymmetry , the s e  equa t i ons can b e  reduced to the fami l i ar 

Gr ad-Shafr anov equat i on i n  tor o i dal geome tr y : 

wher e  f = rB
<p

' and the coor d i nate system 

f ( ljJ ) and P ( IjJ )  are not un i quely 

for ce-free , low- S state , 

-+ -+ 
V x B 

The the equati ons b e come : 

a f ( ljJ )  

�. 

spec i f i ed 

-+ 
A ( r , z ) B 

A ( IjJ )  i s  chos en to  hav e the form : 

( 1 ) 

i n  F i g . 3 . 4 . 1 2  i s  us ed . 

i n  i deal MHD theor y . For a 

-+ 
VP -+ 0 ,  

( 2  ) 

For C2 = 0 we hav e the T ay l or s tate , whi l e  C2 � 0 r e p r e s ents mor e  

real i s t i c  pro f i l e s  wher e A -+ 0 near the plasma edge where  IjJ = IjJl im i t . 

( ljJl im i t  i s  def i ned by the vacuum tank or internal she l l . )  

f ( ljJ )  becomes : 
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Fig . 3 . 4 . 12 :  Co ordinate system used for magnetic flux plot s . 



1 1 9  

Gi ven C 2 ' t o t al p la sma cur r ent , and B $  at plasma edge as i nput , the 

con s t ants  C 1 ' C2 , and C 3 can all be determined d ir e c t l y  or as func t i on 

o f � .  Then E q . ( 2 ) i s  so lved i terat i vely for a g i ven dev i ce geome try . 

We s o l ve for both f orce-free and f i n i te pressure cases , but f i r s t  

i l lustrate t h e  for ce-free case . 

3 . 4 . 6 . 2  E x amp l e s  

T h e  examples i n  F i gs . 3 . 4 . 1 3- 3 . 4 . 1 6 show flux p l o t s  f o r  some 

typ i cal cases . The no- she l l  case has 1 MA of cur rent wh i l e  the th i c k  

s he l l  and thi n  s he l l  cases have 3 6 0 kA . B e l ow the p l o t s  are prof i l es 

for B$ ' J $ ' P ,  and B 8 along the mi dpl ane , and A along the midplane . 

Other d iagnos t i c s  are d i splayed to the left . S imula t i ons wi th non- z er o  

p r e s s ur e  and var i ous current p ro f i les wer e a l so done as were f i e l d  soak 

in effects by d i s p l ac i ng the boundar i es . 

3 . 4 . 6 . 3  I nductance 

I nductance as de f i ne d  by 

2 x p ol o i dal f i eld energy 

( toro i dal current ) 2 

i s  found to b e  � 1 . 7 �H i nterna l l y  and 1 �H external to the pl asma for 

the th i n  shel l  case at 8 � 1 . 4 . Model i ng of tor o i da l  and polo i dal 
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curr ent coup l i ng wi l l  b e  consi dered s eparate ly . Dep enden c e  o f  

i nductance o n  8 )  i s  found t o  be  s l i ght ly h i gher than the theoret i cal 

B essel func t i on model , but agrees i n  general ( see F i g .  3 . 4 . 1 7 ) . 

3 . 4 . 6 . 4 Rad i a l  Sh i ft Due to T or o i dal Effects  ------ ----- --- --
The plasma for the th i n  she l l e d  case i s  found t o  b e  sh i fted 

132 

outward i n  maj or rad i u s  by  6 cm ±2 cm . The unc e r t a inty i s  due  to the 

pro f i le var i a t i on ,  plasma pr essure and soak- i n .  V er t i cal f i e l d  would 

b e  needed to cor r e c t  th i s  var i a t i on . F i gure 3 . 4 . 1 8 shows the effect of 

soak- i n ,  pressur e , and pro f i le on plasma r ad i a l  pos i t i on .  

3 . 4 . 7  Ver t i ca l  F i e l d  Co i l s  

I n  the case o f  a plasma b ound b y  a th i n  s he l l  o r  b y  a l imi t er 

only , the plasma equi l i b r i um i s  pro v i ded by the th i c k  conduct i ng vacuum 

tank . Th i s  thi n  she l l  i s  pos i t i oned to co i nc i de w i th the outermost 

magnet i c  sur face as pred i c ted by the equi l i br i um code o f  Sec . 3 . 4 . 6 . 

However , as the plasma p r essure or c ur r ent pro f i l e s  vary , the plasma 

pos i t i on wi l l  b e  expected to var y on the scale of 2 cm . Thus , a modest  

degree o f  plasma pos i t i on control may b e  des i rabl e .  I n  add i t i on ,  

present dev i ces such as ZT�40M i nd i cate  that a f i ne ( but s l ow ) contr o l  

o f  the plasma pos i t i on on the s c a l e  o f  a f e w  m m  c a n  b e  very bene f i c i al 

i n  decreas i ng plasma-wal l  i nter ac t i on at the gap , thereby produ c i ng 

c l eaner , h i gher qual i ty d i scharges . 
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We w i l l  there fore install four ver t i cal f i e l d  co i l s out s i de the 

R 
vacuum tank . The f i el d  decay i ndex , n = -.�--

B vert 

dBvert 

d R 
' of the ver t i cal 

f i e l d  is  n : 0 ;  i . e . , the fi eld is roughly stra i ght at the locat ion of 

the plasma . Thus , the app l i ed ver t i cal f i e l d  wi l l  hav e  a neutral 

e ffect on the s t ab i l i t y  o f  the pl asma to ax i symmetr i c  modes . Th i s  i s  

appropr i ate s i nce the RFP plasma i s  extreme ly stab l e  t o  such modes , due 

to i t s  c i r cu l ar i ty and conduc t i ng boundary . 

The requ i red curr ent in  the wi nd i ngs i s  4 . 6 kA- t urns for each cm 

of plasma pos i t i on contro l . P ower wi l l  b e  prov i ded , i f  necessar y , to 

move the plasma over a range of se ver al cm , e i ther hor i z ont al ly or 

ver t i cally  ( by a l t er i ng the re l at i ve current of the four coi ls ) . 

3 . 5  O p erat i on s  

3 . 5 . 1 Computer Mon i tor System 

For t un i ng up the mach ine and mon i tor i ng gross e l e c t r i cal 

parameter s  such as plasma curr ent , loop vo l t age , toro i dal f i eld , et c . , 

an I BM- PC-based computer mon i t or system has been dev eloped . I t  use s a 

2 56 K ,  dual d i sk dr i ve I BM-PC wi th monochrome and enhanced color graph i c  

d i splay moni tors and an 8087 math co-proce s sor . A - t o- D  and D-to-A 

conver s i on are p er formed by a D ata Trans l at i on DT 28 0 1 -A  anal og l d i g i tal 

1 / 0  card that f i t s  into a s i ng l e  internal expans i on slot  in  the 

computer . The sys tem a l l ows 1 6 channel s  o f  1 2- b l t  anal og i nput at a 

s amp le rate of 20 kHz ( 5 0 � sec / samp l e ) wi th i nter r upt- d r i ven d i r e c t  

memory access ( DMA ) . Two analog output channe ls ar e ava i l able wh i ch 

w i l l  be used to cont r o l  the gas puff i ng . An  asynchronous commun i c a t i on 
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adapt er ( RS - 23 2 C )  al l ows the I BM-PC to commun i ca t e  wi th the ma in  data 

acqu i s i t i on computer ( see S e c . 3 . 7 )  at a 9600  baud rate . 

The softwa r e  was wr i tt en i n  a comp i l e d  BAS I C  that uses the math 

co-proc e s sor for float i ng po i nt operati ons . The BAS I C  s our ce code i s  

about 2 3 K bytes i n  length and i s  highly struc t ur e d  t o  fac i l i t ate 

mod i f i c a t i on . The software i s  menu- dr i ven w i th def au l t s  t o  allow the 

sys tem to run in a r o ut i ne manner wi thout operator attent i on . O p t i ons 

prov i de for graph i ng var i ous measured and der i ved quan t i t i es ( such as 

F ,  S ,  conduc t i v i ty temp erature , e tc . ) vs t ime , vs shot numb er at the 

t ime of peak current for the l a s t  200 shots , or vs o ne another e i ther 

dur i ng t ime for the prev i ous shot or at the peak current for the last 

200 sho t s . Data can b e  arch i ved on floppy d i sk s  and har d copy made o f  

a n y  t e x t  o r  graph i c  screen d i s p l a y . Most operat i ons r e q u i r e  only a few 

s econds to p er form , and thus the i n format i o n  is ava i l abl e  i n  amp l e  t ime 

t o  reconfi gure the mach i ne for the next shot . 

A vers i on o f  the mon i tor s y s tem was deve l o p e d  dur i ng t he Spr i ng of 

1985  for use on Tokapole I I  w i th the i nt ent o f  transferr i ng i t  

ul t imately to  MST . The s y s tem i s  now ful ly debugged and i n  r ou t i ne 

opera t i on ,  and the ent i r e  system has been rep l i c a t e d  and i s  ready for 

i nstal l at i on on the RFP . F i gur e 3 . 5 . 1  shows some sampl e  output for a 

p ul s e d  d i s charge cleaning shot on Tokapole I I . 

I n  pr i nc i p l e , only f i ve e l ectr i cal quant i t i es need b e  measur ed i n  

order t o  construc t a l l  the gros s  plasma chara c t e r i st i c s : 1 )  plasma 

current , 2 )  tor o i dal s ur face vo l t age at the she l l  ( or she l l  polo i dal 
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gap vol tage ) , 3 ) average toro i dal magne t i c  flux , 4 )  toro i dal magnet i c  

f i e l d  at the she l l , and 5 )  plasma d e ns i ty . From these measurements , 

one can construc t F ,  e ,  ohmi c input p ower , conduc t i v i ty temperatur e , 

and ener gy c on f i nement t ime us i ng mode l i ng s imi l ar to that descr i b e d  i n  

Sec . 3 . 4 . 1 . I n  prac t i ce we wi ll  mon i tor a var i ety of other vo ltages 

and cur r ents t o  prov i de a cross-check on the mode l i ng and to  detect  

faults such as an  ar c across a shel l  gap  wh i ch would show up  as  a 

d i fference i n  the s i gnal s  detec t e d  by R ogowsk i  loops i ns i de and outs i de 

the shel l . T he mon i tor system wi l l  b e  thor o ughly exer c i s ed dur i ng the 

cons t r uc t i on-phase exper iments wher e  t he problems are essen t i a l l y  the 

same . 

3 . 5 . 2  Charging Contro l s  and Inter locks  

There w i l l  be two capac i tor banks on the pol o i dal f i e l d  sys tem and 

two on the toro i dal f i eld that requ i r e  i ndep endent char g i ng control and 

i nt e r l o ck s . Exc ep t  for the 30 kV s tart up bank , a l l  the e l ectr i ca l  

c i r c u i try i s  i n  place for charg i ng ,  mon i tor i ng , a n d  d i s charg i ng these 

banks . The 30 kV bank was prev i ou s l y  u s ed on  a neutral b eam i nj e c t or 

and w i l l  requ i r e  the installat i on o f  a charg i ng supply and c i r cu i t  to 

control  i t s  vol tage . All  o f  thes e  b an k s  and the i r  control c ir cu i tr y  

w i l l  b e  t e s t e d  w i th the O ctupole vacuum chamb er dur i ng the construc t i on 

phase .  
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3 . 5 . 3  T i m i ng C ir c u i t s  

Mach i ne recy c l i ng and other s l ow control func t i on s  w i l l  b e  hand l e d  

by a r o t at i ng drum t imer wi th 3 2  mi croswi tch channels  wi th a resolut ion 

of - O . 5 % / cycle . The r o t at i on p er iod  o f  the drum c an b e  var i ed from 1 / 2 

m i nute to 5 minutes . T h i s  controls the repet i t ion rate of the mach i n e . 

The drum rotat i on can b e  stopped at the end o f  a cycle  for manual 

oper a t i on . 

Fast t i m i ng for capac i tor b ank d i s charge , scope tr i gger s , e tc . , i s  

handl e d  by 2 1  channe l s  o f  d i g i tal  t imers that can b e  set to 1 �sec 

r esolut i on over the range 1 �sec- 1 s e c . The s e  t imers as we l l  as  the 

r o t at i ng drum descr i b e d  above have b e en in r ou t i ne use for many years 

on the Levi tated O c tupole . 

3 . 5 . 4  P lasma Pos i t ion Adj ustment 

The f i r s t  she ll  that wi l l  be i n corpor ated i n  the dev i c e  wi l l  b e  

suff i c i ently th i c k  ( 5  c m )  that i t  wi l l  produce the requ i r ed ver t i cal 

f i e l d  for the plasma equi l ib r i um for the dur at ion o f  a 4 0  mse c  

d i s charg e . The sub s equent th i n  she l l s  w i l l  b e  p l a c e d  i n  such a 

locat i on that the ver t i cal f i el d  produce d  by image currents i n  the 

vacuum vessel  wi l l  k e ep the outermost f l ux s ur face concentr i c  and 

adj acent to the shel l  to a good approx imat i on . Thus we ant i c ipate the 

need for small ( ±2 cm ) rad i a l  p os i t i on control only to accommodate 

change s  in p lasma current p ro f i l e  and beta w i th the th i n  she l ls . The 

ver t i c a l  f i e l d  system descr i b e d  in Sec . 3 . 4 . 7  wi l l  be out s i de the 

1 3 9  



vacuum ves sel and thu s will not be cap able of tracking ch anges in the 

pl asm a posi tion during a discharge. Rather , it will be used on a 

sho t -to - shot basi s to find an optimum dc value for each type of 

discharge . Plasm a position will be moni tored by an array of B coils of 

conven tional design pl aced inside the shell. 

3 . 6  Heat Loads , Di sruptions , and Recycle Time 

3 . 6 . 1  Construction Phase Experiment s in VCV 

For two or more ye ars we p ropose to perform realistic RF P checkout 

experiments in the Levi ta ted Octupole tank while MST is under 

construc tion. We par ticularly wish to test start-up methods , g ap 

pro tec tion schemes , limiters , control of heat deposition , and 

first -wall condi tioning. No inc rease in s tored energy in cap acitor 

b anks will be used in the MST experimen ts , so th at bank-ch arging 

recycle times will be no more th an 3 minu tes wi th the same power 

supplies , and heat deposi tion studies will be informa tive . Two 

el ectrically floa ting toroidal rail limiter s  h ave been in stalled in the 

Octupole tank . One is inst rumented and capable of being inserted any 

v aria ble di s tance up to 1 2  addition al em in to the pla sm a. An insulated 

g ap prevents flow of curren t , and sep ara te curren t leads will permit 

the rail limi ter to be heated for ou tgassing . Thermocouples will 

me asure hea t rise following pl asm a  discharge s ,  and provision has been 

m ade for adding POCO g r aphi te , limiti ng surf ace s consisting of 1 "  
di amete r rods around the entire circ umference of both limi ters. 

Initial ly , the tests will be made without graphite and only stainl ess 

steel will be ex posed (except at the poloidal gaps where Macor 



ma i nt a i ns the insulat i on ) . I f  the RFP  boundary exper iments i n  the 

L ev i t ated  Oc tupo le tank are at all succes sful , we w i l l  be ab l e  t o  

perform l i m i ted si ze-scal i ng s t ud i es wi th the movab l e  ra i l  l i m i ter . 

S i nce  the construc t i on phase e xper i ments ar e l ik e ly to deal w i th wor s e  

confi nement cases than i n  MST we  hop e  t o  s e e  the wor s t  featur e s  o f  

l o cal i z ed energy depos i t i on and l e arn to  cope wi th them b e fore 

instal l i ng the limi ter and f i r s t  wal l  o f  the first MST she l l . 

3 . 6 . 2  E x p er i ment s w i th She l l s  

All  mode l i ng calcul a t i ons f o r  t h e  MST e xp er i ments i nd i cate that 

4 00 kJ w i l l  be a typ i cal p lasma energy content whi ch must  be  d i s s i pated 

in a s i ng l e  d i s char ge . Th i s  heat removal between sho t s  i s  non-t r i v i al , 

even i f  spread un i formly on the f i r s t  wal l , s i nce  the innermost she l l  

o r  l i ner i s  e l e c tr i ca l l y  and p e rhaps thermally i so l a t e d  from t h e  outer 

she l l  and VCV . The av erage temp eratur e  r i s e  of about 2 5 °C per 

d i s charge for a 0 . 0 1 0 i nch con t i nuous l i ner would be unacceptab l e , so a 

cool i ng scheme must  be added . Thermal c onduc t i on v i a  heat conduc t i ng 

i nsulators or heat p i p e s  w i l l  b e  pro v i ded . However , the s e  schemes 

c annot so lve prob lems ar i s i ng from h i ghly  local i z e d  heat depos i t i on on 

the f i r s t  sur fac e . Mos t  RFP dev i c es hav e been plagued by such 

local i z ed events . Al though our she l l s  or l i ner d o  not f unc t i on as 

vacuum cont a i nment ves s els , ho l e s  produc ed by ar cs or local ero s i on or 

me l t i ng could become a ver y s er i ous problem if they r esul t ed i n  

i ntershell ar c i ng ,  for example . A s  a conse quence ,  our f i r s t-wa l l  

des i gn cons i dera t i ons a r e  ma i nt a i n i ng paral l e l  pathway s , name ly , 

p lann i ng for use of graph ite  armor plat i ng or for a cont i nuous l i ner 
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w i t h  l o cal i z ed l imi ters . Rap i d  progress i n  R F P  stud i e s  w i th the use of 

graph i te armor is  b e i ng made ; s i nce  we have ab out two year s before a 

f i nal dec i s i on must be made on these pOints we wi l l  hav e the 

opportun i t y to  r espond to the current s t at e  of knowl edge . 

3 . 6 . 3  L imi ters i n  She l l s  

Two op t i ons were j us t  descr ibed . The c l ose interac t i on i n  these 

cons i derat ion s  o f  prote c t i on aga i nst gap ar c i ng and loca l i zed  heat 

depos i t i on have made two real i s t i c  solu t io ns come to  our atten t i on . A 

cont i nuous l i ner would mak e  i t  eas i er to keep p lasma away from the 

vol tage gaps but would  r equire spec i al t r e atment for heat d i ss i pat i on 

and would comp l i cate d i sassemb l y  schemes . For th i s  case we not e  that 

roughly 1 9 0 t ubulat i on ports ar e used for vacuum pump - out and for 

d i agnos t i c  ac c es s . The s e tubula t i ons can be anchor e d  on the first  wall  

with a local i z e d  graph i t e  l imi ter wh i ch he lps t o  pr e vent p la sma flow 

i nto the intershel l  regi on .  The l i m i ters wou l d  probab l y  ext end 1 cm 

i nto the p lasma r eg i on , r e s t r i c ting the m i nor r a d i u s  to 3 1  cm . The 

regular polo i da l  and toro i da l  d i s t r i b ut i on of these l imi ters  would 

prov i de some protec t i on aga i nst  local i z e d  energy loss and would  he lp to 

d i s s i pate the energy mor e un i formly around the f i r s t  sur face where it 

can be  more eas i ly r emove d from w i th i n  the VCV . We d i scus s gap 

protec t i on i n  Sec . 3 . 8 . 

The second opt i on would prov i de the i nnermo s t  she ll  wi th six  

vol t age gaps protected w i th our most  advance d  d e s i gns ; the prote c t i on 

features wi l l  e x tend about 2 c m  into the plasma r e g i o n . Aro und the 
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rema i n i ng m2 of shel l  surface we would prov i de a full coverage of 

graph i te armor p l at e  in a manner not d i s s imi lar from t he p resent OHTE 

method , but of cour s e  our she l l  has no b e l l ows convolut i ons . T he 

i nnermost she l l  w i l l  have s i x  s egments tor o i da l l y  and two ful l tor o i dal 

gaps ; the l i mi t er / armor plate will be attached local ly to each shel l  

segment affor d i ng a conven i ent method f o r  i ns t a l l at i on .  

3 . 7  D i agnost i c s  and Data Acqu i s i t i o n  

3 . 7 . 1  D a t a  Acqui s i t i on Computer System 

The demands of the boundary study pose a s i gn i f i c ant chall enge t o  

t h e  data acqu i s i t i on system . Many h i gh-speed d i g i t i z ers  wi l l  b e  

r e q u i r e d  f o r  t h e  observati ons o f  fluctuati ng magne t i c f i elds  and o f  the 

MHD ac t i v i ty as imaged thro ugh the soft xray obs ervat i ons . Further and 

somewhat unusual r eq u i rements ar i se owi ng to the l ar g e  var i ety of 

p lasma confi gurat i ons wh ich mus t  be compared as she l l s  are altered . 

The data base w i l l  b e  immense , and great i mp or tance i s  attached to data 

r e covery s i nce exper iments with an ear l i er confi gurat ion cannot be 

r epeated i n  prac t i c e . The standard group o f  d i agnos t i c s  i nc l ud i ng 

thos e col l e c ted by the I BM- PC system descr i b e d  i n  Sec . 3 . 5 . 1 w i l l  b e  

augmented o n  a dai ly bas i s  by d i agnos t i c s  s p ec i a l i z e d  f o r  t h e  momentar y  

resear ch . I nd i v i dual exper iments wi l l  ord i nar i ly r e qu i r e  spec i a l  

arrangement of d i agnos t i c s , and i nd i v i dual d at a  man i pul at ion and 

d i splay programs . An advanced dat a  acqui s i t i on system compat ible  wi th 

all o f  these proper t i es has been developed , and mos t  por t i ons are i n  

use . The menu- dr i ven system called DAS a l l ows unsophi s t i cated use r s  t o  
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setup arb i trary numb er s of d i g i t i zers , prov i de ful l  descr i p t i v e  and 

quan t i t at i ve i nformation on each d i agnos t i c  channe l , d i spl ay raw or 

process ed data as des ired , s tore all raw and processed dat a  as des ir e d , 

and p r epare the se spec i a l i z e d  programs w i th great speed and s impl i c i t y . 

A further feature i s  that the dat a  and descr ipt i ve i nforma t i on are put 

in a format compa t i b l e  w i th commerc i a l  DATABASE r e t r i eval methods , such 

as the DEC- suppor t e d  DATATR I EVE . A l ong wi th des cr i p t ive  and data f i l e s  

f o r  e a c h  shot there i s  the so-ca l l ed super- i ndex f i l e  wh i ch we have 

developed for conven i ent r e t r i eval pur poses . Por t i ons o f  thi s  f i l e  

wh i ch conta i ns k eyword s  and parame ters f o r  quant i tat i ve search purposes 

are al s o  ut i l i zed for a pr i nted shot log whi ch i s  ful ly descr i pt i v e  of 

the exper i ment in progr ess . 

I n  ord er to accomp l i sh such a power ful system wi th a very modest 

CPU r eq u i r e s  that very l i t t l e  comp l i c ated data proc e ss i ng tak e place 

between plasma d i s charge s . ( A  PDP 1 1 / 2 4  has been use d for ful l test 

and oper at i on of t h i s  D ACS system . ) In  p r ac t i ce , mos t  data man i pul at i on 

i s  per formed us i ng the computer system at PSL ; a maj or upgrade i s  be i ng 

i ns ta l l ed w i th the commerc i al E thernet i n t e rconnec t i on and a h i gh- speed 

opt i cal l i nk to PSL . The PSL system i s  be ing further upgraded wi th 

op t i cal data s torage o f  immense capac i t y  s uch that D ATABASE methods 

w i l l  b e c ome ava i lable to us des p i te the l im i ted features of the PDP 

1 1 / 7 3  CPU wh i ch w i l l  probab l y  form the hear t of our l ocal sys tem . Thi s  

system w i l l  s er v e  sever al CAMAC crates , ut i l i z i ng a large seal e d  d i sk 

for temporary data storage , magne t i c  tapes for s t o r age of  unevaluated 

data , and bulk ar chi val store o f  e valuated data and the f i l e s  used for 

data r e t r i eval purpose s . 
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3 . 7 . 2  Diagno s t i cs 

We d i s t ingui sh several cla sse s  of d i agno s t ic s : ( 1 )  D iagno s t i c s  for 

ma chine operation wi th a stand-al one mi crocomputer incorporating 

modeling as d i s cu s s ed in Se c .  3 . 5 . 1 .  ( 2 ) Diagno s t i c s  f o r  rout ine 

moni toring of impur i t i e s  wi th a s tand-al one microcomputer as d i s cus sed 

in Se c .  3 . 9 � 8 .  ( 3 )  G roup-supported d i agno s t i c s , and ( 4 )  Special 

diagno s t i c s . These wil l  vary from day- t o- day d epend ing on the 

momentary needs and wi l l  be accommodated in the DACS t o  any reasonable 

d emand but need no further d i s cu s sion . The s o f tware development has 

b een domi nated by the desire t o  make addi t i on o f  diagnos t i c  channel s  so 

s imp l e  tha t s ignif icant altera t i ons between shot s  may b e  eas i ly 

accompl i she d . Th i s  g oal has been met . 

Group-supported s tandard di agno s t ics wi l l  be d i s cussed here . Mo s t  

o f  the s e  a r e  exi s t ing , and can b e  trans f erred intact f r om the Levi tated 

O ctupole . They are summarized in Table 3 . 7 . 2 . 1 . Owing t o  the s pe cial 

problems associated wi th nes ted she l l s , instal lation of s everal 

diagno s t i cs whi ch uti l i z e  electrical c onnec t i ons to sensors at and 

be tween she l ls is not s traight f o rward and wi l l  be d i s cus s ed el s ewhere . 

Th e ma jor d i agnost ic now under d evelopment i s  a near- r e p l i ca o f  t he 

Thoms on scattering uni t  used by Pr o f e s sor Navrat i l  o f  Co lumbia 

Un iver s i ty who has been generous wi th hi s advice ( L evinton and 

Navratil , Re v .  Sc i .  lns t rum .  5 4 , 3 5  ( 1 9 8 3 » . A measurement of Te a t  a 

s ingle time and plasma rad ius i s  intended at the f i r s t  level , but 

enough radial ports wi l l  be provided , however ,  to permi t a 7-po int 

radial temp e rature pro file . The detector s e l ected ( a  1 0x1 0 intens i f ied 
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Tab le 3 . 7 . 2 . 1  

S t andar d and Optional Diagno s t i c s  Channels f or Primary DAC S 

DIAGNO STIC 

Thomson Scat tering 

Charg e Exchang e Analyz er 

K- Band Interf erometer 

F , B  Flux Loops , Rogowski Loop 

Edg e Langmui r P rob e 

Permanent SXR Array 

. 

Permanent B Arrays 

VUV Mono chromator 

SXR Mono chromator 

Visib l e  Mono chromator 

Visib l e  Brems s trahlung 

Ii-Alpha Monitor 

OPT IONAL DIAGNO STICS 

Permanent SXR Array Channels 

P ermanent B Array 

Visib le L ight Fluctuat ion Array 

Impur i ty L ine Moni tor s 

CO 2 Las er S c a t t ering 

Operations Diagno s t i c s  

Rad iat ed Power Bolometer 

Th ermocoup l e  Arrays 

STATUS CHANNELS 

Parts on o rder 5 

Functional 

Funct i onal 

Under Des ign 

Under T es t  

Prototyp e  on 
Tokapo 1 e  I I  
Under Des ign 

Funct ional 

Funct i onal 

Funct ional 

Funct ional 

Funct .iona1 

P ro totyp e  on 
Tokapole I I  
Under Des ign 

Funct ional 

Funct ional 

GA Propo s a l  

P r o t o types on 
O c tupo 1 e  RFP 
Func tional 

P r o t o typ e s  on 

2 

1 

3 

2 

16 

20 

1 

1 

1 

1 

2 

2 5  T o tal 

13 

40 

16 

5 

2 

Arb itrary 

1 

O c tupo1e RFP Arb itrary 
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mul tianode array) would permi t development into a mul t i-point sys tem at 

a later date . Th is sys tem wi ll be implemented and tested in 

construc tion-phase experiment s ; the laser and detector have long been 

ordered and will soon arrive . The difficul ty o f  impl ementing a 

reliable Te me asurement i s  wel l  known , and we are grateful for the 

assis tance whi ch we are receiving f rom several groups who success ful ly 

use Thoms on s cat tering . 

Fluc tuating magnetic field measurement s wil l  be at the heart o f  

the RFP b oundary cond i tion studies , and we intend to  ins tal l several 

arrays o f  coils . Many of our present stud ie s  depend heavily on the 

comparison of B-dot and soft xray measurements ,  but the very large 

arrays common to RFP s tudies wil l  be a new d evelopment for us . Pr inted 

circui t techniques have been used for these arrays at Lo s Alamos ,  GA 

Te chnologies , and on HBTX-IA , and we have obtained much advice and 

useful info rmation from all o f  thes e  groups . Ar rays wil l  be inst a l led 

be tween shells , on the VCV , and ins ide the inner she l l , but at any 

given time no t all wil l  provide signals whi ch we wil l  acquire . Our 

initial plans cal l  for approximately 40 f luctuating B measurements ,  and 

approxima tely 34 s oft xray s i gnals from overlapping arrays . On 

Tokapole I I  we presently have two l 7-channel and one 7 -channel s o f t  

xray arrays , and this i s  a f amil iar technique in the group . However ,  

we have little experience wi th advanced correlation method s , nor wi th 

advanced invers ion methods , and have a lot  t o  learn on the ful l  

exploitation of such large arrays . Several graduate student s are now 

becoming fami liar wi th such manipulations wi th mul t i- c o i l  arrays us ing 

s ignals from Tokapole II plasma s . 
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We res ponded to review commi t t e e  comments and submi t ted a mod i f ied 

co s t  propo sal whi ch permi t t ed a DACS d evelopment in keeping wi th the 

ambi t i ous goals of the boundary cond i t ion s tudy . Th e number o f  CAMAC 

c rates and modules t o  be instal led i s  not yet c l ear s ince we are 

pre sently evaluat ing the per f ormance of a part i cular 8-channel 

d i g i t i ze r .  However ,  the number o f  channe l s  c omp arable t o  the LeCr oy 

Mo del 8 2 10 s hould be approxima tely 80 at the t ime when the boundary 

cond i t i on s t ud i e s  c ommence . The s o f tware devel opment u s e s  thi s number 

as a l owe r l imi t . 

3 . 8  Vo l tage-Gap Pro tection Is sue s 

3 . 8 . 1  Ga ps in Va cuum Containment V e s s e l  

P r esent designs c a l l  f o r  the g a p s  i n  the VCV t o  be pro t e c ted with 

a ver s i on o f  the advanced d e s ign gap prot e c t i on pres ent ly be ing t e s ted 

in the c ons truc t ion- phase experiment s .  

3 . 8 . 2  Ga p s  in the Shells 

Gaps in the outer she l l  can be pro t e c ted wi th a s imp l e  insul a t o r  

as shown in figure 2 . 2 . 7 . 2 . 1 .  Tr ans ient pre s s ur e  s imulation has shown 

that the pres sure in the s pace be twe en the shel l  sys t em and the VCV 

d oe s  not r i s e  d angerously during the pe r iod of large gap vol t ages ( s e e  

Se c .  3 . 9 ) .  Some i oni zed gas may s t r e am through the port hol e  

tubulations howeve r ,  and in combinat i on with any electron cyc lo tron 

r e sonance zones cause problems . Th i s  problem can be reduced through 

t he placement of l imi t ing baf f l e s  in the VCV s he l l  sys t em s pace . Us e 
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of t i tanium gettering in that s pace would also reduce the pressure 

r i se , but gap insulators would then have to be protected from 

sublima t ed ti tanium wi th shadow baf fle s .  

Gap s  i n  the inner shell can al s o  be protected with a s imple 

insulator i f  the continous l iner option is chos en .  If the c ontinous 

l iner is not used , the gap design will probably be a mod i fi cation of 

the advanced design being tes ted in the c ons truction phas e  experiment s .  

A combination of graphite armor incorporated in the part s  o f  the gap 

protector nearest the plasma , l imi ters to  reduce plasma densi ty in the 

region of the gap s , and a mul tiple gap design to reduce gap voltage 

could resul t  in s at i sfactory performance . 

Tr ansi ent voltages on sudden termination o f  the plasma discharge 

mus t  be carefully considered . Even wi th a continuous liner , the loop 

voltage can be as high as 5 6 00 volt s .  Each poloidal gap would then see 

a voltage o f  �OO vol t s . Wi thout a cont inuous liner act ing to  

dis sipate the energy in the poloidal flux between the plasma and the 

wall ( �80 kJ wi th a 4 00 kA d is charge) t hese voltages c ould be much 

higher.  So lut ions in a l inerless configuration include element s acro s s  

the outer shell c ircui t poloidal gaps . These c ould be arrays of 

resistors , s park gaps , or thyrites . 
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3 . 8 . 3  Shell/Liner Pro tection Dur ing Faul t s  

During a sudden interrupt ion of  the discharge current the full 

plasma energy of typically 2 0  kJ c ould be deposi ted in a small area of  

the shell or liner . Prevention of damage due to this localized energy 

deposition will probably require some formal limiter or armor . 

Graphite rings 1 0 cm in d iameter and 1 cm in average thickness around 

each porthole tubulation could individually absorb the full  plasma 

energy wi th �T o f  �200oC .  The normal operation o f  such limiters would 

only result in �T of �250C/ shot . 

3 . 8 . 4 Di scharges Be tween Shells and VCV 

As previous ly di scus sed the space between the she l l  sys tem and the 

VCV r emains at fairly low pres sure during the high voltage period of 

the plasma pulse . Previous ly discus sed protection against the 

production of plasma in this region in c ombination with an 

electrostatic grounding sys t em should reduce the probability of shell 

VCV arcs . Go od practice dictates that the insulator in the trestle 

legs have a broken surface . 

3 . 8 . 5  Di agnostic Protection 

Diagnos tics mounted on the shell system,  or protruding through the 

porthole tubulations wil l  ei ther have to be well insulated from the 

shell sys tem or have all their wiring brought through the vacuum wall 

electrically isolated from the MST . Cabling of this wiring through the 
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vacuum wi ll have to  be carefully done to avoid arcs . Consideration of  

transient voltages on  sudden termination of  the discharge will require 

diagnostics t o  be insulated to  )6  kV . 

3 . 8 . 6  Pr eliminary Gap Te s t s  in Tokapole I I  and t he Octupo1e Tank 

A program of gap design testing has been underway us ing the 

Tokapole I I  d evice ( s ee Fig .  3 . 8 . 6 . 1 ) . The poloidal gap on the 

Tokapole I I  has been tes ted up to voltages equal to the s ix segment 

shell  gap voltages . A special-gap simulating apparatus has also been 

cons tructed and used in the Tokapole I I  d evice . Pre sent experiment s 

involve simulating the advanced gap design whi ch is  being installed in 

the construc t ion-phase experiment . Re sul t s  so far are inconclusive in 

the presence of plasma , but the experiment has shown very encouraging 

results wi th neutral gas . Special instrumentation has been installed 

around the Tokapole I I  poloidal gap to  explore actual plasma conditions 

near a gap ( s ee  Fig . 3 . 8 . 6 . 2 ) . At temp t s  wil l  be made to  operate the 

gap-simulation apparatus under the se cond i tions . A problem exists  in 

that the gap s imulation apparatus tends to  behave l ike a large Langmuir 

probe , placing huge current demands on the biasing capaci tor bank . 

Preliminary results  from instrumentation near the real poloidal gap 

shows no such behavior . The next stage in our testing program calls  

for  simulating actual plasma cond i tions near the real gap in the 

vic inity of the gap simulator and driving the gap s imulator directly 

from the poloidal field core . Ad ditionally , some obvious insulation 

problems in the gap simulator are being cured . These problems would 
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not be encountered in an ac tual gap but are interfering with obtaining 

clear result s  from the simulation apparatus . 

The advanced gap protection design being installed in the 

construc tion phase  experiment i s  shown in figure 3 . 8 . 6 . 3 .  It i s  based 

on several hypotheses : 

1 )  I f  the electric field near the plasma were principally 

perpendicular to the magnetic field some gain due to magnetic 

insulation might be obtained . 

2 )  The materials of the gap protector nearest the plasma should 

have high mel ting point s ,  low sputtering coefficient s , and low 

coefficient s o f  secondary electron production .  Th e s e  criteria 

would help prevent a catastrophic arc due to damage from corona 

like dis charges or plasma bombardment .  

3 )  Insulating materials should be shielded from plasma bombardment 

or titanium s ublimat ion to prevent damage ,  carboni zation ,  or 

local pressure rises . 

4 )  Insulating materials should have broken surfaces . 

5 )  The Paschen curve may be used to determine break-down voltages 

at  least for neutral gas and no magnetic f ield . Since the 

protector wil l  be operating on the low pd side of the breakd own 

minimum , the most likely place for a discharge will  have the 

largest pd . 

6 )  The areas mos t  likely to break down should be near the outs ide 

of  the gap protector to avoid pressure rises in the gap 

protector and to limi t any damage to insulating materials . 
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7 )  Good prac tice should be used to reduce large local electric 

fields due to sharp edges . 

8 )  Good vacuum conductance should be provided to al l part s  o f  the 

gap protector so that the lowe st possible gas pres sure s  wi l l  be 

present . 

9 )  Low areas that would trap machine trash such as titanium flakes 

must be avoided or placed in harmles s  positions . Such trash 

could initiate a d i s charge . 

The design shown i s  calculated to  be able to withs tand I kV a t  

hyd rogen pressures up t o  0 . 3 1 To rr i n  the absence o f  plasma . Thi s  

includes a 3X s a fety factor f o r  electric field concentration . Arc s  

induced i n  a s imi lar d esign on the gap simulator indeed appeared t o  

occur in the outer region of  the protector , and damage was very 

limi ted . 

3 . 9  Vacuum , Conditioning , and Fueling 

3 . 9 . 1  Vacuum Re quirement s  

3 . 9 . 2  Pump ing S t ations 

Three turbomo1ecu1ar pumping modules wil l  be assembled for MST 

r emoval pump ing .  Ea ch module i s  t o  b e  complete in itself wi th 

individual roughing pump and vacuum moni toring and is to have an 

interlocked , hydraulically operated valve . These modules are intended 

to be fully operat ional in time for trans portation to  PSL and use in 

vacuum acceptance tes t s . Owing to the raised eleva tion of MST there 

wil l  be adequate space for an efficient verti cal s tacking of the module 

component s .  We are accus tomed to the use of ti tanium s lug getters to 
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ma intain high base  vacuum in the Levitated Oc tupol e and Tokapole I I . 

The MST vacuum ves se l  design incorporates getter por t s  compatible wi th 

our motor-driven getter unit design; however ,  we intend to install but 

no t neces sarily use t i tanium gettering in original MST experiment s .  

Owing to our unconventional proposal to confine the plasma wi thin the 

shells it may be desirable to provide thi s very high pumping s peed to 

maintain low pres sures  in the VCV while adding gas wi thin the shells . 

No line-of-sight path wi ll be available for ti tanium to enter the 

shells from the heated getter s . 

3 . 9 . 3 Vacuum In terlocking 

Vacuum moni toring wi ll be provided at the VCV , at each o f  the 

pumping modules , and in each of the separate diagnostic  beam lines . 

Each separate pump ing s tation will be interlocked to close 

hyd raul i cally operated valves . The mas ter vacuum sensor in the VCV 

will close al l hydraul ic valve s ,  and the local sensors wi ll shut down 

turbomolecular or i on pump s depending on the vacuum wi thin the pumping 

s tation . In present usage , d iagnostics wi th filament s ,  such as the RGA 

or fast ion-gaug e ,  are interlocked with the ma ster ion gauge . 

3 . 9 . 4 Roughing Lines 

Each pump ing s tat ion wi ll be provided wi th its own roughing or 

backing pump . A separate pump wil l  be ut ili zed to provi de an 

electrically insulated roughing line whi ch will be available at all 

toroidal angles for rough pump ing each probe port and for pumping 

be tween the double o- rings which wil l  be required at each insertable 

probe . In addit ion , it  i s  probable that after an up- to- air the VCV 
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wil l  be roughed out through a trapped , high- s peed roughing line , rather 

than through the turbomolecular pump s .  

3 . 9 . 5  Di scharge Cleaning 

It i s  expected that the RFP performance will depend significantly 

on the cleanl iness of the first-wall owing to the effect of impurities 

on resi stivi ty and their ef fect on power balance through their 

radiation . As commonly used on Tokapole I I  and all other tokamaks both 

pul sed and glow discharge cleaning me thods are utilized for wall 

conditioning . Provis i on is  made for high-repe t i tion rate pulsed 

discharge cleaning in our plans for the VCV and , later , shell clean-up . 

Glow discharge cleaning within the shells  will  al so  be incorporated ,  

requiring an insertable electrode and careful gas control . Opt imum 

set tings of  vol tages and gas pressure have been facilitated through 

monitoring of the impurity evolut ion using the s t andard diagnostics 

described in Se c .  3 . 9 . 8 .  

3 . 9 . 6  Provision for Baking of  Limi ters and Walls 

No provi sion wil l  be made ini tially for baking limiters and wal l s  

i n  situ , but , as discus sed elsewhere , there wil l  b e  a natural 

t emperature rise of the thermally isolated shell walls during normal 

discharges . Only high-temperature insulators wil l  be incorporated into  

the shell , l imi ter , and support ing trestles , and limited baking could 

be incorporated s ince all vacuum seals are wel l  i solated at the VCV 

walls . Preliminary studies on baking l imiters will  be performed in the 

construction-phase experiments in the Levitated Octupole tank as 

d i s cus sed in Sec . 3 . 6 . 1 .  



3 . 9 . 7  Fueling Considerations 

Exi s t ing RFP ' s  run in the range of 1-10  mtorr hydrogen fill  

pressure . In MST , the fill pres sure wi ll be control led by means of  

three Veeco PV-I0 p iezoelec tric valve s distributed around the torus 

wi th exi sting programmable waveform power supplies . However ,  to reduce 

the risk of electrical breakd own of the insulated gaps in the vacuum 

ves sel and shell , gas will be puf fed into the region ins ide the liner 

jus t  before the application of the ohmic heating pulse in order to 

maintain a l ow pressure in the region between the liner and vacuum 

ves sel . The region inside the l iner has a volume of 3 . 1 5 m3 and thus 

can be filled to 3 mtorr in 7 msec wi th a puf f  rate of 1 , 500 t orr-l /s e c  

wi th the valves backed by 1 52 0  t orr of g a s  ( s ee Fi g .  3 . 9 . 7 . 1  and 

3 . 9 . 7 . 2 ) . 

Mos t  RFP ' s  rely on wall recyc ling t o  replenish the plasma lost to 

the walls . In MST , the recycl ing wil l  be supplemented by programmed 

gas puf fing i f  required . In the worst  case , with no recycling , and a 

particle confinement time of 2 ms ec , a puf f rate o f  �750 t orr-l/ sec  

would suffice to maintain a volume-averaged density of 3x1 01 3  cm-3 , and 

thus we would have a factor of two margin on our gas puffing 

capability . The piezoelectric valves have a response time of  �1-2 

mse c ,  and so  it  wi ll be possible to feedback control the puf f rate to 

maintain a cons tant densi ty , if  desired , such as is  presently done on 

Tokapole I I . 

In order to get the required 5 00 t orr-l/s ec flow rate per valve , 

the standard valves are modified by machining and continuing their 

orifice , ad justing their spring tensi on ,  and applying up to 2 00 pul s ed 
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volts wi th a pres sure of 8 0  p s ig .  These techniques have been used 

routinely for many years on Tokapole II  and the Levi tated Octupole . 

3 . 9 . 8  Impuri ty Monit oring and Control ;  Spectroscopy and RGA 

In support of  wall condi tioning and impur ity c ontro l ,  several 

schemes for monitoring wi ll be ut ilized . Al l are traditional in our 

program . Radiation by ma j or impurities i s  moni tored us ing 

photomul tipl ier/interference filter combinations selected f or important 

transitions in the near UV and visible . Out put vs . t ime i s  acquired 

for several channels ( 1 6  avai lable) wi th a stand-alone microcomputer 

which records and prints the time variat ions and integrated signals . 

The signals are als o  commonly recorded by the ma jor DACS . The instru

mentation is  available from the Oc tupo1e program as i s  a re sidual gas 

analyzer (RGA) which is especially use ful for moni toring the water 

vapor in the machine . Water be ing the usual s ource of oxyg en , the 

maj or impurity , can be control led to some degree by plasma cleaning and 

bake- out me thods . Routine monitoring and archiving of impuri ty signals 

i s  helpful in asses sing progress . Impurity control methods are 

notoriously complex, and we will continue to be guided by progress in 

the f ield . 
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APPENDIX I 
WORK S TATEMENT 

1 6 3  

The grant ee sha ll in it ia t e  a p r o g ram t o  s t u d y  the bou n d a r y  c o n d i t i o n  r e qu i r ed 
t o  oper a t e  8 revers ed f i e l d  p inch . The p r o g r am in t he  f ir st y ea r  Gha l 1  inc l u d e : 

o OpcT!l.t iop. o f  ma gn e t ic l im it e r e xper im e n t  vith ex i st in g  r in g s . 

o Ex pe r im en t a l  t e s t  o f  v a c u um g a p  d e s i gn s  in the p r e s e n c e .  o f  pl a sma s , 
and pr e s ent a t i on o f r e su l t s  a t  t h e  d e s ig n r ev iew. 

o Complet ion of a d e s ign o f  a pl a sma d i sc ha r g e  chamb e r  o f  c i r c u l ar 
cro s s  sec t i on a c c o rd ing t o  t h e  c onc ep t in c l u d ed in t h e  l' d d en dum to 
the prop o s a l . 

o Pr e s ent a t i on o f  t h e  c ompl et ed d e s ign t o  an OFE s p o n s or ed d e s ign 
rev iew t eam .  Final d es ign t o  be su� it t ed t o  OFE fo r a pproval 
bef o r e  fabr ic a t i o n  b eg in s .  

o In it ia t ion o f  fabr ic a t ion o f  n ew d i s c ha r g e  chamb er . 

o Mo d if i c a t io n s  of the ex i s t ing o c t u p o l e ex p e r im en t a l f a c il it y  
in ord er t o  a ch i ev e  an REP �ithout d iv er t o r  r ing s .  

Th e  program in t h e  s e c ond year shall inc lud e :  

o Mod if icat ions o f  the o c t up o l e exp er iment al fa C il it y t o  c on d u c t  
magnet ic l im it er exp er im en t s w i t h  n ew d iv er t or r in g s  if t h e  n e ed 
for su ch mod if ic a t ions i s  d e t erm in ed from f ir st y ea r  r e sult s .  

o In s talla t ion o f  Thoms on s ca t t er ing d iagno s t ic on ma gn e t ic l im i t er 
experiment . 

o Opera t ion of REP wit h magn e t ic l im it er boundary . 

The program in t he third year shal l in c lud e :  

o Complet ion o f  the c ircula r cro s s  sec t ion d i scha rge chamb er . 

o Complet ion of in s t a l l a t ion o f  c ir cular c r o s s s ec t ion d i sc harge 
chamber . 

o RFP opera� ion w it hou t l in er a t  full 52 cm ra d iu s .  

o In it ia t e  fabr i c a t io n  o f  5 cm t h ic k  c ondu c t ing shell . 

(�  . , Gra n t e e  will p re pa r e an a d m in i s t ra t iv e  p l a n  r el a t ed to the f a br i c a t i on o f  c ir c u l ar - ,  d i schar�e chamber . 



APPENDIX II 
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DA - 4 0 0 I n s t a l l  New DA C S  
SA - G O O C o m p l e t e  P l a n  f O T  s t em S a f e t y  
D 8 - 4 0 0 C o m p l e t e  Pl a n  f o r  D i a g n o s t i c  S e t 
M E - 3 0 0 Be g i n B u i l d i n g  O p t i m i z e d D i u e r t o r  R i n g s 
M E - l i D  D e s i g n C o r e - K e e p e r  H o i s t 
S P - l l D  D e s i g n F a l s e  Fl o o r  a n d S e c o n d  D e c k  
O F - S i D I n s t a l l  R i n g s* 
O F - G 1 G R e p o r t o n  R F P  p l a sm a s  w i t h o u t r i n g s* 

C o mm e n c e  E x p e r i m e n t s  w i t h  R i n g s* 
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P S - S O O O p e r a t i n g C o n t r o l s  I n s t a l l e d 

S P - G l S F i n a l P l a c em e n t o f  I r o n  C o r e  

MA - 5 0 0  N ew 8T C o r e  I n s t a l l a t i o n 
M E - 5 3 0  D e l i v e r y  an d I n s t a l l a t i o n o f  M ST 
DA - 6 0 0  l e t e  S t a g e - I I o f  DA C S  

P S - 5 1 0 T r a n sm i s s i o n  L i n e s I n s t a l l e d 
VA - G O O C o m p l e t e  L e a k  C h e c k  
P S - 6 0 C E l e c t r i c a l  T e s t s  o f  T o r o i d a l , P o l o i c a l , 

a n d V e r t i c a l  � i e l d  S y s t em s  

M E - 1 2 0 I n i t i a t e  S h e l l a n d  T r e s t l e  F i n a l D e s i g n 
SA - G i G F i n a l S a f e t y  C h e c k o u t 
O S - 6 1 0 F i r s t  P l asma* 
M� - 1 3 0  Su bm i t R � Q  f o r  � i r s t  S h e l l C o n f i g u r a t I o n 
r"'1 E - :3 2 C  C o rn p l e t e  F i -r s:. t  :::; l-i E, 1 1 C o n f i '3 u 1� ,3 t i o n ,:�:-

9 .. / 8 5  

1 O .. /· �=� 5 
l O  .. ·/ E:5  
1 0  .. ·····8 5  

1 ;2 .. / 8 5  

3 .. ·/8 6  

g,.····· B6  
1 2  .. ····· E: 6  

4 .. ····· 8 7 

D 8 - 31 0 C o m p l e t e  F a b r i c a t i o n o f  S h e l l  D i a g n o s t i c s 1 1 / 8 7  
M E - 4 2 0  D e l i v e r y a n d A c c e p t a n c e o f  � i Y s t  S h e l l 
M E - 5 4 0  I n s t al l  S h e l l . S h e l l D i a g n o s t i c s ,  a n d 

L i n e r i n  V a c u u m  V e s s e l  
SA - 6 2 0  F i n a l S a f e t y  C h e c k o u t 
P S - 6 2 0  F i r s t  P l a sm a  

* L ev e l - l  M i l e s t o n e  
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APPENDIX I II  

TREATMENT OF PERTURBATIONS DUE T O  

WINDINGS , IRON , AND POLOIDAL AND T OROIDAL GAPS 

A .  General Consideration 

A plasma carrying a toroidal current can be imagined to be ideally 

maintained in pos i tion by a closed superconducting toroidal boundary . 

The outer poloidal flux sur face coincides with the conducting boundary , 

and current column motion toward the wall increases  the image or 

boundary current density and forces the plasma back , or we can say that 

an equivalent vertical field is generated which repositions the plasma . 

Wi thout a conducting boundary numerous "primary" ( o r  so-called ohmic 

heating) toroidal wires placed to give the same current density as a 

conduct ing boundary would supply the equil ibrium f orce ; but , i f  the 

plasma moved and the currents in the wires did not change , the 

equilibrium would be unstable .  If the wire currents are separately 

readjus ted by feedback to keep the outer poloidal flux surface fixed , 

thus terminating the containing flux plot , then the eq'uil ibrium can be 

stable for a s imple n = 0 plasma di splacement . A conducting boundary , 

however , keeps the flux surface fixed for all manner o f  distortions . A 

network of fed-back conductors would be required to approach the 

s tabil ization of a conducting boundary . 

In practice , a boundary of finite res i s t ivity will  suppress 

di stortions at high frequencies and can be said to be in the shielding 

regime , while lower frequencie s can be said to be in a leaking regime 
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where the current column flux plot  s l ides through the shield and is  

ul tima tely terminated on the external primary wi res . Hence , feedback 

for such wi res , in combinat ion wi th a res istive shield , can operate at 

conveniently lower frequencies . The resistance of the shield is chosen 

by judging wha t frequencies one wants to delegate to the feedback 

sys tem .  

In the case oJ the MST experiment , shields alone can be used for 

the time expected , wi th the plasma be ing always in the shielded phase , 

or a variety of resistive shields of short time- cons tant can be added 

to examine different frequency response s  and plasma behavior . 

The use of  any shield which operates in the high frequency regime 

for the ohmic heating voltage or for f ield programming require s  vol tage 

gaps ; and such gaps , whether poloida1 or toroidal , requi re design to 

minimi ze their perturbations on the plasma . TO kamaks , such as the TFCX 

design, have such low loop voltages ( c orresponding to slow s tar tup) 

that no gaps are nece s sary;  but RFPs typi cal ly require high 

frequencies . Shield and gap des ign information which have used is 

given below . 

If there must be a vol tage induced in the plasma , then a flux 

linkage and its  additional trans f ormer action coils mus t  be supplied . 

These coils and their f lux leakage mus t  be separated from the OH coils 

so a perturbing field i s  not created wi thin the control led flux plot 

wi thin the plasma column walls . 
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B .  Errors Due t o  the Iron Core 

Iron for such a transformer can be incorporated so that it  makes 

no perturbation .  If we succeed i n  making the "primary" o r  OR winding 

current wi th its shield and feedback exactly cancel  the plasma current 

so  there is  no flux plot external to  the plasma chamber ,  then nearby 

i ron surfaces wil l  not be exci ted by plasma motion , and thus they can 

produce no perturbing field . Howeve r ,  s ince the iron ( or an air core 

f lux region) must be driven to  provide the flux l inkage for the loop 

voltage , its  exci ting winding must be placed on the iron exac tly where 

the magnetizing ampere turns are required ( t o  confine the magnetomotive 

force found within the iron body) . Th i s  properly placed exciting 

winding then produces no field external to the iron ( or air core 

region) which might pe rturb the plasma volume . This central core f lux 

produces only a curl- free vector potential at the plasma , A = �, with 
21tR 

V x t = B = 0 since 1 /R has zero cur l ;  and it produce s  the l oop voltage 

V n  = fEd .R. = -f aA 
d .R. = -

d q,
. Since the flux linkage i s  t ime-varying , 

A. at d t  

s pl i t  copper shields over the iron core can b e  used to transpose 

misplaced magnetizing wires where neces sary . However , two cases 

remain : 

1 )  But t j oint air gaps in the c ore require extra ampere turns 

which are supplied by a bundle of extra wires or a split copper 

shield;  or , if the plasma chamber has a sufficiently thick 

shield with treated gaps , the shield will protect the plasma 

from stray pul sed flux wi th the shielding currents running on 

the out side of the chamber . 
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2 ) I f  dc bias i s  used , the dc bias wires mus t  be placed where the 

magnetizing ampere turns are required on the iron . Otherwi se 

fringing flux wil l  stray into the plasma chamber ,  and thi s de 

pe rturbation c anno t be shielded by a conducting boundary . 

Extra turns are needed at the iron but t j oint s .  

To ensure that there i s  no f ield between the core area and the 

confinement volume , " f lux forcing " can be used . Th i s  i s  in principle 

merely c onnect ing the plasma primary OH c oi l  in parallel with the core 

magnetizing winding of an e qual number of turns . Then the voltage on 

the core magne tiz ing winding equals the voltage on the plasma primary 

winding . Thus ( s ince I
p1asma 

= NIOH) : 

and 

� � IpLAS� N �CORE + l
MAG R

MAG = N �LOOP + N OH COIL 

and the core flux is c ompletely separated from the region between the 

plasma chamber exterior and the core wind ing , and to the extent that 

J ( Ip RoH
/N - l

MAG RMAG) d t  = 0 t here is no field pre s ent outside the 

plasma boundary t o  intrude as a perturbation . 

These field controlling technique s were ful ly exercised and 

perfected on the 3 50 t on iron core o f  the Univer s i ty o f  Il lino i s  

3 0 0  MeV betatron , wi th 1 . 4 t e s1a dc bias wi thin the iron creating no 

field perturbation in the t ransforme r  window larger than 10 percent o f  
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the ear th ' s f i e l d . T h i s  is  the pulsed , b i ased  core Dr . J ames Tuck of 

Los Alamos coveted at one t ime for a large upgrade o f  p i nch dev i ce s . 

I n  pra c t i c e , the chamb er shi e ld wi th plasma wi l l  hel p  stop 

ext ernal pul sed  perturbat i ons . 

Pro per treatment of the ver t i cal f i e l d  co i ls above and below the 

plasma is to backwind the ampere- tur ns wher e they pass under the i r on 

return yoke to remove most  magne tomo t ive for ce where  the ver t i cal f i eld  

i s  returned through l ow r e l uctance i r on . 

C .  Errors Due to She l l  Gap s 

When an i so l ated wal l  ( she l l ) i n  the shi e l d i ng phase i s  i nserted 

i nto the vacuum tank att ached to i ts toro i dal current dr i ve and to i t s  

toro i dal f i e l d  dr i ve ,  the shell  too must have tor o i dal and poloi dal 

gaps . T hese she l l s  hav e an external sur face current to termi nate the 

i nner tank wal l  current ' s  f l ux plot , and the shel l ' s  exter nal cur rent 

str eam l i nes go over the gap r i m  and trav e l  b a c k  on the i nner sur f ace 

of the she l l  where they t ermi nate the f l ux plot due to the pl asma 

current . If the flux plots ins i de and outs i de the shel l match at the 

polo i dal  gap ( current dens i t i es i ns i de and i mmed i at e l y  outs i d e are 

equal ) , then current str eam l i ne s  pass rad i a l l y  ( mi nor ) across  the 

she l l  gap r im wi thout generat i ng a rad i al p e r t ur b i ng f i e l d  component . 

I f  the i nner and outer flux plots do not mat ch at a gap , a pertur b i ng 

f i eld  i s  dr i ven thr ough the gap by the cur r en t s  runn i ng ar ound the r i m .  

S i nce these mi smat ches ar e exp e cted , we sh i e l d  the gaps o f  the float i ng 

she l l s , when nec essary , to min imi ze the f i e ld perturbat i on .  Howe ver , 

w i th two med i an plane toro i dal gaps plus a poloi dal gap i nterrup t i ng 

the toro i dal  current a new type o f  p e rturb at i on occur s . A v er t i cal 
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plasma d i sp l a cement is  dr i v en far ther by a transver s e  pert ur b i ng f i eld 

enter i ng one gap and leav i ng the other . Thi s is  one of the several 

cases o f  polo i dal-toro i dal gap i nterac t i ons wh i ch must b e  r e co gn i z ed 

and tr e ated . The p er t urb a t i on cannot ful ly des tab i l i ze the ver t i cal 

pos i t i on ;  but it weakens the wal l  r e s t or i ng for ce , and the wal l  

r estor i ng force d i es out qu i ck l y  b e c au s e  the nec es s ar y  hor i zontal f i el d  

l i ne s  soak edgew i s e  i nt o  the she l l . T he resul t s  c a n  be s ummar i zed as 

fol l ows : A s e cond she l l  or lam i n at i on nested w i th the f i r s t  one , but 

w i th i t s  tor o i dal gaps at the top or b o tt om i nstead , w i l l  tak e  car e  of 

e i ther ver t i cal or rad i a l  d i sp l ac ement of the p l asma co lumn . The shel l  

woul d relax wi th a chara c t er i st i c  t ime o f  2 6 0  mi l l i s econds , f o r  a 5 cm 

wal l  examp l e . For a hor i z ontal d i sp l ac ement , mi dplane gaps do not 

i nhi b i t  the wal l  curr ent s from gener a t i ng an e f f ec t i v e  v er t i ca l  

r es tor i ng f i e l d . Thus , the n es t e d  she l l s  s t ab i l i z e  both comp onents  of 

a plasma d i s placement . 

I n  the s e  cases where l i nes  o f  for c e  pass through a gap and soak 

i nto the conductor , thereby open i ng the gap w i der and thus i ncreasing 

the per t ur b i ng f l ux whi ch pas s e s  thro ugh , i t  i s  fo und that the l i nes 

u l t ima t e l y  soak i nto the gap r i m  at a s p e e d  2 . 2 t imes the speed  w i th 

whi c h  they soak i nt o  e i t her sur face of the shi e ld . T he determi nat ion 

o f  these spe eds from wh i ch a v ar i e t y  of s h i e l d  conf i gurat i on t ime 

constants can be der ived ar e d i s cuss ed i n  the next se c t ion . 

U n i form dynamo effect  r ev er s i ng the  tor o i dal f i e l d  woul d cause 

only orthogonal s t ream l i nes  and no f i e l d  error . However , he l i ca l  

d i stor t i ons or s i nuous d i stor ti ons of the current col umn woul d send 

f lux i n  and out along the toro i da l  g ap . T h i s  has the effect o f  for c i ng 

t he plasma towar d the s l ot w i th an equ i v a l en t  ver t i cal f i e l d  o f  
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BV � ___ 1 __ � ( amps , cm , gauss ) wher e G i s  the gap wi dth , rO i s  the 
1 01frO d 

chamb er mi nor rad i us , and d i s  the wal l t h i c knes s  for a no- flange shel l  

or d - � R  when the r e  i s  a flange . The tro ub l e  i s  that w i tho ut a flange 
n 

thi s equ i val ent f i eld  can be larger than the var i at i on o f  ver t i cal 

f i e l d  needed to pos i t i on the d i s charge off the wal l  for a s i ngle s l o t  

a n d  flange . The outer t ank of the MST has a s i ngle slot , b u t  there i s  

a wi de f l ange wh i ch he lps . 

I t  is  conc e i vable that feedb ack current d i s t r i b ut i on control , as 

men ti one d for the polo i da l  gap , may b e  app l i c ab l e  on the toro i dal gap 

as we l l .  

D .  F i el d  D i f fusi on Through Shi e lds from the Po i nt o f  V i ew o f  

F i el d  L i ne Speed 

A f i eld  app l i ed to a sur face as a step func t i on of t ime d i ffuses 

i nward . For f i n i te sh i e l d  thi ckness , d ,  the so l u t i ons o f  i nternal 

f i el d  strength as a func t i on of depth , speed wi th which the app l i ed 

f l ux plot moves into the sh i el d , f i nal l i m i t ing speed of entr y ,  rate at 

wh i ch f l ux emer ges from the back of the sh i el d  into the s h i e l ded 

r eg i on , and the extent of  the app l i e d flux plot wh i ch has moved into 

the sh i e ld have been der i ve d . The r esult is  shown i n  F i g . A.I I I .1 . 

Comp l i cated t ime dependences can be composed of  s tep func t i ons . 

There i s  what m i ght b e  cal l e d  a sh i e l d ing pha se at ear ly t imes , 

when flux i s  mov i ng i nto the sh i e l d , but very l i t t l e  has leaked 

t hrough , and a l eak i ng phase when f l ux leaks past the sh i e l d  at about 

the �ame rate as flux enter s . This approaches a l im i t ing speed at late 

t imes . I n terms o f  the d imens i on l e s s  t ime , T ,  de f i ned i n  the f i gur e ,  
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the shi e l d  pha s e  occurs for T < 0 . 1  o r  0 . 2 ,  whi l e  the leak i ng phase 

woul d be for T > 0 . 2  or 0 . 3 . 

The l i m i t i ng speed of f i e l d  l i ne ent r y  i n  the leak i ng phase in cgs 

un i ts i s : VL = 1 0 9 p / ( 4n PR d )  = 4 8  cm/ s e c . The enter i ng speed in the 

sh i e l d i ng pha se is V = 5 000 ( P / [ P R t J ) 1 / 2 8 . 7 /lt ( se c ) cm/ sec . The 

e xtent o f  the f l ux p l o t  whi ch has mo ved i nt o  sh i e l d  s urface ( f l ux 

i nflux ) i s  �X = 48 t ( se c ) + 1 . 7 em i n  the leak p has e , and 

�X = 1 7 . 3/t cm in the sh i e l d i ng phase . The flux rate emer g i ng from the 

b ack o f  the sh i e l d  ( after T = 0 . 1 ) is �� : BO ( 2V L - V ) . T h i s  l a t t er 

parame ter , when read off the cur v e  for ear ly t imes , w i l l  te l l  how 

r e spons i ve an e x t erna l  p i ckup c o i l  of g i ven s e ns i t i v i ty w i l l  be t hrough 

a shi e l d . 

Another examp l e  of the app l i c a t i on o f  f i e l d  l i ne speed t o  t im e  

constants o f  c e r t a i n  con f i gur at i ons i s  f o r  i mpos i ng or chang i ng a n  

external ver t i cal p os i t i on i ng f i e l d  thro ugh a s h i eld ( or t h e  inver s e  

problem o f  h ow l ong w i l l  a sh i e l d  ho l d  the se l f  gener ated s t ab i l i z ing 

v er t i ca l  f i e l d  due to a d i sp l a c e d  p l a sma co lumn ) . 

The r a t e  at wh i ch appl i e d  f i e l d  l i ne s  pass i nt o  a cyl i n dr i cal wal l  

from the out s i de where B = 2B o ' w i th Bo the app l i ed ver t i c a l  f i el d , i s  

( per uni t  length ) �: = 2B oVL • Def i ne a t i me const ant , T ,  such that 

d� Bo a a T = � /-- = ------ = : 0 . 3  s e c  for o ur wal l  mater i al and 
dt 2B oVL 2 x 48 cm/ s e c  

wher e �o i s  t h e  sh i e l d . Or i n  general us i ng the l i m i t i ng speed o f  a 

f i e l d  l i ne i n  terms of wa l l  th i c knes s , d ,  r e s i s t i v i ty , p ,  we obt a i n  
2n PRad 

T = T h i s  agre e s  we l l  wi th much mor e  e l ab or a t e  computat i ons . 
1 0 9 p 

. 
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APPENDIX IV 

RFP TESTS IN TOKAPOLE I I  AND LEVITATED OCTUPOLE 

Fo r about the pas t  two years , experiment s  have been underway in 

whi ch the RFP s tate has been trans iently produced in Tokapole I I  and in 

the Levi tated Oc tupole . Although these tests  have been done in a 

non- c ircul ar ,  poloid al divertor configuration , they are of relevance to 

the MST d e sign because they sugges t  the pos sibility of reaching the RFP 

s tate with relatively low gap voltage ( �1 00 v olt s )  with gaps inside the 

vacuum and in contact wi th the plasma . The Lev itated Oc tupole tests  

also  make use o f  the same capacitor banks and waveform programming 

capabilities that wil l  be d irec tly trans ferred to MST . 

The earliest and most detailed experiments were done on Tokapole 

I I ,  a sma l l  ( Ro 
= 0 . 5  m)  toroidal device which is normal ly operated as 

a poloidal divertor tokamak . Fo r the se s tud ies the toroidal magnetic  

field is rapidly reversed shortly ( �OO �sec) after the ohmi c heat ing 

voltage is appl ied as shown in Fi g .  A . IV . 1 .  The toroidal plasma 

current reaches a peak value of �30 kA j u s t  before rever sal occurs . 

Th is cond i tion is  achieved wi th a poloidal gap vol tage o f  1 70 volts , o f  

which the plasma sees only 85 volts  because the internal rings 

partially short-circuit the gap . The low-voltage startup i s  pos s ible 

becaus e of the appl ication of 5 0  W o f  2 . 4 5 GHz ECRH preionization which 

is resonant on an 800 gauss contour near the minor axi s  when the ohmic 

heat ing voltage i s  appl ied . 
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Evidence for a reversed f ield s tate is  provided by internal 

magne tic probe measurements .  For example , Fig .  A . IV. 2 shows the local 

toroidal field vs minor radius for various times ( 6 40-760 �sec)  near 

reversal . The subs tantial paramagnetic effect i s  evident , and i t  

appears that a reversal surface is  within the plasma f o r  �50 �sec . The 

failure of the reversed field state to sustain may have to do with the 

absence of a close- fitting , conduc ting boundary , but equally plaus ible 

is the rapid decay of the ohmic heating voltage and plasma current 

caused by the back-emf of the internal rings . 

Over the past year , these experiments have been repeated on the 

Levitated Oc tupole with similar resul t s  as shown in Fig . A . IV . 3 .  The 

gap voltage used was actually s omewhat smal ler ( 1 10 volts)  and the 

plasma current higher ( �50 kA) , but the reversal would s t ill persist  

f or only �100 �sec , for  presumably the same reasons as  in  Tokapole I I .  

Th e internal rings have now been removed from the Levitated 

Octupole and better gap insulation added . We are thus in a position to 

begin tes t s  in a large non-circular cro s s- section configuration wi th 

internal gaps s imi lar to those proposed for MST . Eventually , during 

the construction of MST , the plan cal ls for installing smaller , 

optimized rings in the Oc tupole t o  obtain a test  of an RFP wi th 

poloidal d ivertor . 

17 6 



..-.... 
til 
til 
::i 
to 

400 

� 200 
. 1""'1 
.c 
p., 
I 

� 

o 

o 

t=640 J1s e c  B-phi vs r 

midplane 90° 

t=7 60 )lsec 

5 1 0  1 5  
r (em) 

F i g . A . IV . 2 :  To r o i d a l  f i e ld pro f i le f r om 6 4 0-7 6 0  j..Ls e c  in  2 0  j..L s e c  
i n t e rva l s  i n  Toltapo l e  I I  o b t a i n ed from magne t i c pr obe 
me asurement s .  

20 I-' 
..... 
..... 



125 

1 00 "'"' 
TIl 

75 ......, 
...... 
0 

50 i=- poloidal gap volts � 
bO 25 A; 

:>-
0 

0 1 2 3 4 60 
5 0  

,-... 40 
� 3 0  ""-' 

-
20 ,.c::l 

� � 

J 1 0  t-I 

0 
0 1 2 3 · 4  

"'"' 

600 F ' ' ::C:::C B-toroidal 
l'1.l 

400 rtJ 
:;j 
to 
bD 200 '-' 

-
..c: 

0 � 
I " 

Clr 
� 0 1 2 3 4 ...... 
(Xl 

time (msec) 
Fi g .  A . IV . 3 :  El e c t r i c a l  wav e f o rms i n  t h e  Levi t a t e d  Oc t up o l e  o p e r a t e d  in 

an RFP mod e . 




