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A bs tract

F or the fir st t im e, the full - tim e scale v ariation s of plasm a posit ion an d shape from the

outm ost poloidal isoflux surfaces durin g the buildup , flat - t op , and decay period of plasm a

current ar e calculat ed from th e m easurem ent of m agnet ic fields at the pla sm a - boundary

surface in a KT - 1 t okam ak (m ajor r adiu s of 27 cm an d m inor radiu s of 4.2 cm ). T hree kinds

of m agn etic probes arr an ged poloidally in 30 degrees out side the t oru s are u sed in det ermining

the plasm a boun dary . W ith out the inform ation of int ern al plasm a current profiles , th e

calculation s are only perform ed by a lin ear com binat ion of m ea sured fields .

1. Introduction

If the equilibr ium of tokam ak plasm a around the cent er of v acuum v es sel an d the separation

of m ain core plasm a from the w all surface of t ok am ak device are n ot m aintained durin g th e

operat ion al period , th en th e g eneration of im purit ies from the plasm a facing com ponent s

(PF Cs ) w ill lead t o the sev ere energy los s or collap se of plasm as .1 - 3 In order t o m inim ize the

product ion of im purit ies , the plasm a in equilibr ium st ate sh ould b e posit ioned inevit ably at th e

g eom etrical cent er of v acuum v es sel by controlling the plasm a position an d by shapin g it w ith

the m easurem ent of m agnetic fields , w hich m aint ain s the equilibr ium of tokam ak plasm a in

t im e by chan ging the inn er pressure an d plasm a current profiles , in the m ain core plasm a. A s

the durat ion tim e of th e plasm a get s long er , the control of cros s - section al plasm a shape an d

of m agnet ic field supplied by ext ern al m agn et ic coils becom e m ore im portant an d is bein g

activ ely stu died in sev eral tokam ak s w ith a long flat - t op period .4 - 6 T he plasm a current decay

is cau sed m ainly by the energy los s an d the increase of plasm a resist ance , and it leads t o

break the plasm a confinem ent or plasm a disrupt ion . T here are sev eral w ell- kn ow n cau ses of

plasm a disrupt ion s .7 Alth ough th e p urp os e of con tr ollin g th e p las m a p os it ion an d s h ap e is

t o av oid th e dis r up t ion an d t o de cr e as e th e imp ur it ies , th es e ar e m os t un lik e ly t o h app en

dur in g th e e quilibr ium (cur r en t flat - t op ) p er io d , r ath er th es e ar e m or e s us cep t ib le dur in g

th e tr ans ien t p er io ds s u ch as cur r ent b uildup an d/ or de c ay . As th e m e ch an ica l an d

ph ys ica l lim its of pr es en t an d futur e t ok am ak dev ices b e c om es m or e s tr ict , th e y de c ide



th e n umb er of op er a t ions or s h ot n umb er s , s o th at th e n e ces s ity of av oidin g th e

dis r up t ion is b e c om es m or e cr it ic al th an ev er . It is imp or t an t an d n e c es s ar y t o obs er v e

th e e x a ct p os it ion an d s h ap e of p las m as dur in g th es e cr it ic al tr ans ien t p er io ds . Although

m agnet ic prob es cann ot m easure the spat ial v ariat ion s of the inn er plasm a, they hav e been

u sed both in m easurin g and controllin g th e posit ion and th e cross - sect ional shape of a

t okam ak plasm a due t o th eir sim plicity , r eliability , an d robu stness . T h e sy st em for m easuring

an d controllin g the plasm a posit ion and shape con sist s of m agn etic probes in stalled close t o

the plasm a, analog operat ional cir cuit s , an d control cir cuit s for the equilibr ium m agn etic - field

current . Lee and Oh 8 proposed a n ew m eth od to calculate the out erm ost poloidal flux surface

on a RT P tokam ak (m ajor r adiu s of 72 cm an d m inor radiu s of 18 cm ) an d perform ed the

feedback control of plasm a posit ion by u sing P ID (Proport ional- Int egral- Differ ent ial) controller .

T h ey com pared the result s obt ain ed by PID controller w ith th ose by controllin g the curr ent

cent er of plasm a. An alog int egrator s hav e been u sed for th e in tegrat ion of signals from th e

m agnet ic probes on a RT P . Oh et al.9 dev eloped a control sy stem for th e KT - 1 t ok am ak and

perform ed the feedback control of plasm a posit ion an d curr ent in the KT - 1 tokam ak by u sing

saddle loops and Rog ow ski coils . T hey result ed in an im prov em ent for the plasm a perform ance

w ith out know in g th e ex act posit ion of the plasm a. In order t o im prov e th eir m ethod, on e h as

t o kn ow th e ex act poloidal m agnetic flux surface. In this w ork , the outm ost poloidal isoflux

surfaces of th e KT - 1 t ok am ak are calculated during the curr ent buildup, flat - t op , and decay

period , for the fir st t im e, in the KT - 1 t ok am ak as an improv em ent of our previou s w ork 10

since th e result t r eat ed only for th e equilibr ium plasm as durin g the curr ent flat - top period . W e

calculat e the ex act position of th e KT - 1 pla sm a as an improv em ent of the w ork of Oh , et al.

W e in st all all the m agn etic probes out side the v acuum v es sel an d add B θ coils as a

refin em ent of the w ork from Lee an d Oh . W hile th e m agn et ic probes , ex cept th e saddle loops ,

ar e located in side a v acuum v es sel in a RT P , all th e m agn et ic probes , in cludin g the saddle

loops , ar e located out side a v acuum v es sel in th e KT - 1. In our ex perim ent , the differ ent ial

sign als from the m agnetic prob es w ere obtained dir ect ly from the digit izer s and w ere

int egrat ed in a per son al com puter (P C) for calculation s aft erw ards in order to m inim ize any

addit ional device error s . W e adopt Lee ' s m eth od w hich is u sed in the RT P tokam ak .

2 . Ex perim ent s

T he KT - 1 tokam ak (m ajor r adiu s of 27 cm , m in or radiu s of 4.2 cm , inn er r adiu s of toru s

surface of 5 cm ) is operated w ith a feedback control sy stem , w hich controls the ohm ic heating

(OH ), th e v ert ical, and th e horizontal m agn et ic fields by u sin g sign als from a Rog ow ski coil

an d from tw o saddle - loop coils , both 0- 180 degree an d 90- 270 degree, locat ed poloidally

out side th e v acuum v es sel.9 A ll m agn et ic prob e coils are arr ang ed poloidally in 30 degrees .

T h e m agn etic prob es are com posed of 12 saddle - loop coils , 12 rh o coils , and 12 th et a coils .

T h e t oroidal ( φ ) span of the saddle - loop coils , w hich are one- turn coils arr an ged w ith

differ ent ar eas on the t oru s surface, is △φ = 30 degree. T he theta coils , w hich are separat ed

in 15 degrees from a rh o coil, ar e arr an ged w ith a con stant num ber of turn s from 0 degree t o

270 degrees t o m easure the m agnetic field in the θ (poloidal)- dir ection , an d th e rho coils are

arr an ged w ith a con stant num ber of turn s from 15 degrees t o 345 degrees t o m ea sure th e

m agnet ic field in the ρ- dir ect ion . All signals from the m agnetic probes w ere m ea sured

sim ultaneou sly by u sing 36- channel VXI (VMEbu s eXt en sion s for In strum ent at ion ) dig it izer s

(m axim um 20 M s/ sec). T he result s of flux surface calculation in this ex perim ent w ere



com pared t o the signals from the t w o saddle - loop coils (0- 180 degree and 90- 270 degree

coils ) u sed for the curr ent feedb ack control. T he posit ion of curr ent in the KT - 1 plasm a is

controlled by the feedback control of v ert ical an d horizontal m agnet ic fields , w hich are

calculated by the signals of t w o saddle loops located from 0 to 180 degree an d from 90 to 270

degree.12 T he calculat ion s of poloidal isoflux surface w ere perform ed by u sing a lin ear

com binat ion of m easured fields . S addle loops and m agnet ic prob es are in st alled poloidally

out side the v acuum v essel of the KT - 1 t okam ak . T w o st ainless st eel poloidal lim it er s w ith

the thickn esses of 8 mm are locat ed in side the v acuum v essel an d are separat ed by 180

degrees in the t oroidal dir ect ion , w hich m ak es the radiu s of r eal boun dary for the plasm a

colum n a s 4.2 cm . T h e posit ion of m agn et ic probes are ρM (r adial posit ion of th e saddle - loop

coils )=5.8 cm , ρ p (r adial position of th e plasm a boundary )=4.2 cm , an d ρ b (r adial posit ion of

the th et a an d rh o coils )=6.2 cm . T h e m ax im um area of a saddle loop is 52 cm 2 , and that loop

is locat ed at poloidal an gle of 0°. T he m inim um area is 34 cm 2 , that loop is located at 180

degrees . T he t ot al ar ea s of th et a and rho coils ar e both 17.6 cm 2 , w hich is the num ber of

turn s tim es the effectiv e area of on e turn . N oise from out side the prob es is minim ized w ith

t w ist ed signal lin es and groun ded- m esh ed copper w ire w rapped around the out side all the

signal lin es bundled in one cable. T he t oroidal span and the equipart ition al poloidal an gle of

saddle - loop coils ar e all 30 degree . Raw signals from 24 m agnet ic probes an d 12 saddle loop s

w ere m easured sim ultan eou sly by u sin g 36 channels of VXI digit izer s throu gh the differ ential

channels . T hese dat a are int egrated by u sing a F ORT RA N program in a P C. T he off - set

v alu es an d th e noises of r aw differ ent ial dat a from th e m agn et ic probes are compen sat ed

b efore in tegrat in g the dat a . T he m ost significant n oises com e from th e pick - up signals of

t oroidal m agn etic fields , w hich seem t o be due t o the m isalignm ent of the m agnet ic probes .

T o obtain a sm ooth cont our , w e obt ain v alues at 360 point s (one point per degree) from 12

m ea sured point s by u sing th e polyn om ial curv e fitt ing . T he fin al contour of the isoflux surface

obt ain ed from the calculat ion throu gh curv e fitt ing is com pared t o the plasm a displacem ent

m ea sured from th e 0- 180 and th e 90- 270 saddle - loop signals u sed for th e feedback control of

the plasm a current becau se the lat ter show th e position for the outerm ost poloidal flux surface

of the plasm a.

3 . A naly s is

W hile the calculation of centr al position in th e plasm a current r equires com plex st eps due to

the Coulom b log arithm (lnΛ) w ith th e dist r ibut ion of plasm a current , the calculat ion of

out erm ost poloidal m agnet ic flux surface needs neith er su ch Coulom b logarithm nor

com pen sat ion for th e curr ent indu ced on a v acuum v es sel. T his is v ery sim ple com pared to

the curr ent center m eth od. T he only thing rem aining t o do is t o corr ect the v alues m easured

at the plasm a boun dary b ecau se the position s of the m agn et ic probes do n ot coin cide w ell

w ith th e plasm a boun dary . T o determ ine the poloidal flux at th e pla sm a surface , the follow in g

equ at ion is u sed for a giv en θ(poloidal)- dir ect ion :

Ψ (ρ p , θ) - Ψ (ρM , θ) = 2π
ρ p

ρ M

( R + ρ cos θ)B θ (θ , ρ)dρ ,

w h ere p and M are the radial position s of the lim it er and a saddle loop , r espect iv ely .8 T h e

coordinat e sy st em and posit ion v ariables are show n in F ig . 1. By m ean s of the m agn et ic flux

calculated by a second - order expan sion of m ea sured flux and th e approx im at ion of



B θ (ρ , θ) as a linear funct ion of ρ aroun d b (posit ion of a poloidal field pick - up probe ,

thet a an d rh o coils ), th e flux differ ence bet w een the θ i - an d the θ j - poloidal dir ect ion s can

be obt ain ed a s

δΨ ij = Ψ p i - Ψ pj

= (ΨM i - ΨMj ) - ( A iB θ i - A j B θj ) + ( C i

B ρ i

θ
- C j

B ρj

θ
) - μ 0( b iJφ i - bj Jφj )

- 1
c 2

∂
∂t

( b i E φ i - bj E φj ) ,

w here Ψ pi = Ψ (ρ p , θ i) , ΨM i = Ψ (ρM , θ i) , B θ i = B θ (ρ b , θ i) ,

B ρ i = B ρ (ρ b , θ i) , Jφ i = Jφ ( b , θ i) , E φ i = E φ ( b , θ i) ,

a i = a θ i , b i = bθ i 4πe i( h - e i )( R + ρM cos θ i) ,

A i = a i - ( b i / ρ b) , and C i = - ( b i / ρ b) .

Neglect in g th e effect s of t oroidal g eom etry for th e w ell - controlled plasm a, th e plasm a position

displacem ent , defined as △e j , at θ j sat isfies the equ ation

Ψ pi ( e i ) - Ψ pj ( e j = e i + △e j ) = 0 , e j = (
ρM - ρ p

2
) + △e j

for a r efer enced plasm a boun dary posit ion , ρ pi , sin ce the poloidal flux function sat isfies

δΨM ij = 0 on the isoflux surface, F rom the abov e equat ion s w ith T aylor ex pan sion at

e j = e i , the plasm a position displacem ent △e j at θ j is calculat ed as

△e j =
- δΨM ij ( e i = e j )

4π ( UjB θj - V j

B ρj

θ
)

,

w here U j = R (2 - ρ p / ρ b) + ρM ( 1 + ρ p / ρM - ρ p / ρ b) cos θ j ,

an d V j = ( 1 - ρ p / ρ b)( R + ρM cos θ j ) , w hich indicates that △e j is a v ery sm all v alu e in

the region of (△e j / ρ b) 1.

4 . Re sult s and Conclu s ions

T he outerm ost poloidal isoflux surface of the KT - 1 t okam ak are calculat ed durin g the

buildup, flat - top , and decay period of plasm a current as a fun ct ion of tim e v ariat ion by u sin g

the m agnetic flux es m easured by 12 saddle loop s an d 24 m agnetic probes (12 thet a an d 12

rho probes ) arr an ged poloidally in 30 degrees out side the v acuum v essel. All the dat a from

probes are receiv ed by u sing 36 channels of VXI digitizer s sim ult an eou sly an d are int egrat ed

w ith a com puter program t o minim ize th e error s from the addition al analog devices . T h e

typical dat a for th e loop v olt ag e, th e pla sm a current , an d the signals from tw o saddle loop s on

the KT - 1 t okam ak are show n in F ig . 2. Occa sionally , plasm a disruption occur s at the end of

the plasm a discharge . T he sign al from th e saddle 90- 270 probe sh ow s that v ertical

displacem ent of the plasm a posit ion from the geom etrical cent er does not occur durin g the

current feedback control, w hile that from th e saddle 0- 180 probe show s th at the horizontal

displacem ent of the plasm a position from the centr al posit ion is shift ed outw ard alon g the

m ajor r adiu s by the Grad - Shafr anov shift 1 1 , although current feedback control is m aint ain ed.9



T his show s that th e plasm a posit ion does not m ov e v ert ically , but shift s h orizont ally in the

out w ard direction along the m ajor r adiu s . Also, the plasm a position and shape do n ot chan ge

sev erely during th e present current feedback control. T h e contour plot s of isoflux surfaces

during the curr ent buildup, flat - t op , and dacay period at th e radial position of 4.2 cm and 5.8

cm in poloidal geom etry are show n in F ig . 3 and F ig . 4, respectiv ely , w ith the toru s posit ion .

T his r esult coin cides w ith the result s from th e output sign als of the tw o saddle loops as a

result of th e feedback control of the pla sm a current . T he central posit ion of isoflux surface is

init ially n ot coin cide w ith the geom etrical center , an d th e initial shape is n ot circular , either .

W ith in crease of pla sm a current , the position of isoflux surface m ov es to th e geom etrical

cent er , an d the shape becom es cir cular w ithin cir cular lim it er s as the result of an equilibr ium

form ed by the b alan ce bet w een th e poloidal pressure an d radial m agn et ic force. During the

decay of plasm a current an d before disruption , the posit ion and shape of isoflux surface are

n ot ch ang ed mu ch , w hile th ose durin g the curr ent buildup an d flat - t op period . F rom this , one

know s that plasm a gradu ally becom es st able during the buildup period , althou gh the in it ial

posit ion an d sh ape are neither at the center n or cir cular . Shape and posit ion are n ot chan ged

m u ch durin g the decay b efore plasm a disrupt ion du e t o th e t ot al con sum ption of v olt - secon d

from iron - core. A lit t le h orizont al displacem ent of the plasm a posit ion from the centr al posit ion

is sh ow n outw ard along th e m ajor r adiu s of the KT - 1 tokam ak during th e w hole period . In

order t o com pen sate this displacem ent , m ore v ertical m agn etic fields sh ould be supplied t o

m ov e the plasm a cent er t o the g eom etrical cent er an d t o m inim ize the cont act s b etw een the

plasm a an d inner surface of v acuum v es sel. T h ese result s w ill im prov e the confinem ent of the

plasm a in the KT - 1 tokam ak w ith a m ore suit able and precise feedb ack control sy stem in th e

future.
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F ig . 2. Loop v oltag e, plasm a current , an d signals from tw o S addle loop s w ith a half cir cle.



F ig . 3 Cont our plot s of isoflux surfaces durin g the curr ent buildup (a ), flat - top (b ), an d dacay

(c) period at the b on dary position of 4.2 cm in poloidal geom etry .



F ig . 4 Cont our plot s of isoflux surfaces durin g the curr ent buildup (a ), flat - top (b ), an d dacay

(c) period at the b on dary position of 5.8 cm in poloidal geom etry .
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