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DETECTION AND CORRECTION OF GAP MAGNETIC FIELD ERRORS 

J. C. Sprott 

I. Introducti on 

An insulated gap in a current-conducting surface is a 

potential source of a magnetic field error unless the surface 

current is led away from the gap by a flange, continuity winding, 

or the back surface of the conductor in a manner that matches the 

current density distribution that would exist in the absence of 

the gap. Common examples are the poloidal and toroidal gaps in 

the walls and shells that shape the magnetic field in toroidal 

plasma confinement devices such as multipoles, tokamaks and 

RFP's. One consequence of such an error is the generation of a 

normal component of the magnetic field in the gap, whereas the 

normal component of the field is zero away from the gap to the 

extent that magnetic field does not soak into the conductor. 

Imagine a gap that completely encircles a toroidal shell in 

either the toroidal ( long ) or poloidal ( short ) direction. The 

normal component of the magnetic field in the gap can be 

decomposed into its Fourier components as 

co 

Bn aO + I amcos me + bmsin me 
m=1 

\ 
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where e is a periodic variable proportional to the length along 

the gap and corresponds to a physical angle only in the case of a 

circularly symmetric gap. Now suppose that a set of N identical 

coils are placed end-to-end along the gap with each coil covering 

an angle 2�/N and measuring the average normal field along its 

length. The signal in the ith coil is thus given by 

00 

where 
N 

a,mi [ sin 2�im/N - sin 2�(i-1 )m/N ] 
2�m 

and N 
Bmi = [ cos 2�(i-1 )m/N - cos 2�im/N ] 

2�m 

For example, if N=8, the following values of a, and B are 

obtained: 

i a,1i a,2i a,3i a,4i a,5i a,6i a,7 i a,Si 

0.900 0.637 0.300 0.000 -0.180 -0.212 -0.129 0.000 

2 0.373 -0.637 -0.725 0.000 0.435 0.212 -0.053 0.000 

3 -0.373 -0.637 0.725 0.000 -0.435 0.212 0.053 0.000 

4 -0.900 0.637 -0.300 0.000 0.180 -0.212 0.129 0.000 

5 -0.900 0.637 -0.300 0.000 0.180 -0.212 0.129 0.000 

6 -0.373 -0.637 0.725 0.000 -0.435 0.212 0.053 0.000 

7 0.373 -0.637 -0.725 0.000 0.435 0.212 -0.053 0.000 

8 0.900 0.637 0.300 0.000 -0.180 -0.212 -0.129 0.000 

i BSi 



-3-

0.3 7 3  0 .637 0 .725 0 .637 0.4 35 0 .212 0 .0 5 3  0.000 

2 0 .900 0 .63 7  -0.3 0 0  -0 .637 - o. 180 0 .212 0.129 0 .0 0 0  

3 0.900 -0.637 -0.30 0  0 .637 -0.18 0 -0.212 0.1 29 0.000 

4 0.37 3 -0 . 637 0 .725 -0 .637 0 .4 3 5 -0.212 0 .0 5 3  0 .0 0 0  

5 -0 .37 3 0 .637 -0.725 0 .637 -0.4 3 5 0 .212 -0.05 3 0 .0 0 0  

6 -0.900 0 .637 0 .30 0  -0 .637 0 . 1 80  0 .212 -0.129 0 .0 0 0  

7 -0.900 -0.637 0.3 0 0  0 .637 0.18 0 -0.21 2 -0.129 0 .0 0 0  

8 -0.3 7 3  -0 .63 7  -0 .725 -0 .637 -0.4 3 5  -0 .212 -0.0 5 3 0 .0 0 0  

Not e  that cer t a in mode s  ( m= 8 ) ar e complet e ly undetec tab le wi th 

such an arrange ment o f  8 co i ls , and o ther mode s ( m = 4 ) are 

mea sur able on ly i f  they hav e  a cer t a in symme try ( odd for m= 4 ) . 

F inal l y ,  note t hat modes ab ove m=4  g i ve s i gna ls i d en t i ca l  t o  t he 

low or der mod e s  by the proc e s s  of a l i a s ing. For ex ample , m= 5  

a l iases w i th m= 3 ,  m=6 a l i a se s  w i th m=2 ,  and m= 7 a l i a se s  w i th m= l .  

Wi t h  8 s i g nals , one should be ab l e  to de term ine 8 Fo ur i e r  

coeff ic ien t s .  Fr om the cons iderat ions ab ove , t he 8 lowe st 

inde pendent coe ff i c ients ar e aO i  throug h a 3 i and 81i thr o ugh 84 i ' 

The problem t hen is to inver t the ma tr i x  of co e ff i c ients to 

der ive the Four i er coe ff i c ien t s  a s  fo l lows: 

N 
am I a'

mi Si 
i = l  

and 
N 

bm = I 8'
m i Si 

i = l 

The pr ob lem c an be so lved stra i ght forwar d l y  u s i ng a mod i f i ed 

Gau ss -Jordan e l iminat ion method w i th t he r e su l t :  

i , a O i  S'
1i a'

1i 
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0. 125 0. 098 0. 237 0. 196 0. 196 0.294 0. 122 0. 196 

2 0. 125 0.237 0. 098 0. 196 -0. 196 -0. 122 -0. 294 -0. 196 

3 0. 125 0. 237 -0. 098 -0. 196 -0. 196 -0. 122 0. 294 0. 196 

4 0. 125 0. 098 -0. 237 -0. 196 0. 196 0. 294 -0. 122 -0. 196 

5 0. 125 -0. 098 -0. 237 0. 196 0. 196 -0. 294 -0. 122 0. 196 

6 0. 125 -0. 237 -0. 098 0. 196 -0. 196 0. 122 0. 294 -0. 196 

7 0. 125 -0. 237 0. 098 -0. 196 -0. 196 0. 122 -0. 294 0. 196 

8 0. 125 -0. 098 0. 237 -0. 1 96 0. 196 -0.294 0. 122 -0. 196 

Note that the analysis here is a generalization of the usual 

Fourier technique. It is easy to show that in the limit of large 

N, ami = cos 2nim/N and Bmi = sin 2nmi/N. Also, for large N, 

a'
mi = 2ami

/N and B'
mi = 2Bmi

/N except that a'
Oi = aOi/N• 

The amplitude and phase of the various modes are given by 

and 

In terms of cm and �m' the normal field at the gap can be written 

as 

00 

Bn = Co + L cm cos (ma - �m) 
m=1 

The error in the wall current density at the gap is given by 
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aBn 
00 

llJ - - - - - - I mOm sin (me - <pm) 

Ilor ae Ilor m=1 

where r is defined suoh that 21Tr is equal to the length of the 

gap. Alternately, the error in the wall ourrent density oan be 

estimated direotly from the differenoe between the signals in 

adjacent coils, llS, from 

NllS 
llJ 
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II. Example 1 :  Tokapole I I  Poloidal Gap 

The above ideas have been applied to a measurement of the 

field errors at the poloidal gap on Tokapole II in the absence of 

plasma. A set of 8 coils was distributed around the gap as 

described above. The machine was pulsed at a peak hoop current 

of 500 kA with a 40:1 turns ratio on the poloidal iron core. The 

core was biased to reduce the magnetizing current to a negligible 

«1 0 kA) value. The measurements were taken 0.5 ms after the 

field was pulsed at which time the poloidal gap voltage was 80 V. 

The signals from the coils were not integrated and had 

approximately the same waveform as the poloidal gap voltage, at 

least at the times of interest. The coils were numbered 

sequentially from i=1 at the outer wall top to i=8 at the outer 

wall bottom and all oriented in the same sense. The data are as 

follows: 

i Si 

-40 mV 

2 +50 mV 

3 +1 70 mV 

4 -170 mV 

5 +1 70 mV 

6 -290 mV 

7 -1 60 mV 

8 -90 mV 
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These measurements imply the following mode spectrum: 

m cm <Pm 

0 0.563 1 80 

1 . 672 1 03 

2 0. 422 54 

3 2.1 00 -96 

4 1 . 568 90 (assumed,) 

x 1 0-3 degrees 

The amplitudes of the modes are normalized to the total poloidal 

flux in the machine. 

With this normalization, the mode amplitudes must be 

multipUed by a factor of NL/)low = 300 to get the actual value of 

B
n/Bt, where L is the inductance of the machine (0.220 )lH) and w 

is the width of the gap (4.78 mm at t=O). Thus the largest mode 

(m=3) corresponds to about a 60% field error at the radial 

location of the sense coils. The high order modes falloff 

rapidly with distance beyond the sense coils, however. 

The existence of an m=O mode impHes that there is a net 

radial flux into the poloidal gap. This flux must return to the 

machine through the toroidal gap and perhaps through some of the 

larger portholes. Indeed, a gradient of toroidal gap voltage was 

measured around the toroidal gap of just the right magnitude to 

account for the radial flux entering the poloidal gap (to within 
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the experimental error of -5%) . The field entering the toroidal 

gap is observed to enter over the entire toroidal circumference 

of the gap with the largest flux entering at about ± 900 from the 

poloidal gap. The flux is not symmetrical on the two sides of 

the poloidal gap, implying a small mutual inductance between the 

poloidal and toroidal field circuits in vacuum as has been 

previously observed. Eliminating this coupling between the 

poloidal and toroidal field circuits is a necessary, but not 

sufficient, condition for eliminating the m=O error. The 

magnitude of the m=O error is expected to be influenced by the 

impedance of the toroidal field circuit which was disconnected 

for these experiments. A measurement of the toroidal gap voltage 

on either side of the poloidal gap when the poloidal field only 

is fired provides a sensitive measure of the m=O component of the 

poloidal gap error. In the presence of toroidal field and 

plasma, such a measurement could still be made using a 

differential amplifier to eliminate the axially symmetric 

component of the toroidal gap voltage. It is an interesting 

exercise in topology to show that a coil designed to measure the 

m=O component of the poloidal gap error is identical to one 

designed to measure the n=O component of the toroidal gap error. 

The source of the m=O error can be easily seen. Imagine an 

extreme case in which only the top and bottom legs of the core 

are excited. To supply the required image currents in the inner 

and outer walls, current most flow around the corners of the 

vacuum vessel. This is no problem except at the upper outer 
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corner where the toroidal gap prevents the required current from 

flowing. Thus all the current for the outer wall must come from 

the windings on the bottom leg of the core. This leaves the 

upper leg to supply both the ltd and inner wall currents. There 

is thus a net poloidal current in one direction on one side of 

the poloidal gap and a corresponding reverse current on the 

opposite side, producing the m=O error. The m=O error should be 

automatically eliminated when the higher m errors are trimmed to 

zero, and, indeed, this is observed to be the case. 

Note also that a coupling between the poloidal and toroidal 

gaps can exist even when the m=O mode is zero. Having no m=O 

simply means that there is no net flux leaving the poloidal gap 

and entering the toroidal gap. There could still be f lux lines 

entering the poloidal gap and leaving the toroidal gap, or vice 

versa, so long as there is an equal number of lines doing the 

opposite somewhere along the poloidal gap. In practice, however, 

it is observed that when the m=O mode is reduced to a low value, 

there is very little flux entering or leaving anywhere around the 

toroidal gap. Conversely, when there is an m=O component 

present, the flux tends to have the same sign at all toroidal 

azimuths around the toroidal gap, although the magnitude may 

vary. 

The m=l mode is within about 1 3  degrees of vertical implying 

that the machine is reasonably up/down symmetric. The sense of 

the radial field is such as to suggest that some ampere-turns 
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should be moved from the inside to the outside of the torus. 

However, the experiment should be repeated with plasma current 

present. 

The m=2 mode would be expected to peak at ±90 degrees if the 

primary turns were improperly distributed among the four legs of 

the core. There is clearly a contribution to the m=2 mode from 

some other source. By running the machine with only two opposite 

legs of the core driven, a large m=2 mode with amplitude -10-2 

and within about 5 degrees of ±90 degrees was observed. The 

magnitude and sign of the m=2 error suggests that the top and 

bottom legs of the core have about one too many turns and the 

inner and outer legs have about one too few. Indeed, an error of 

this magnitude was built into the machine (see PLP 744) in order 

to permit the legs of the core to be connected in parallel for a 

40:1 turns ratio. This error could be corrected by placing a 

small inductor in series with the top and bottom windings on the 

core. 

The large m=3 mode was unexpected. It is about 180 degrees 

out of phase with the m=1 component. A number of explanations 

are possible. The same in/out nonsymmetric error that produces 

the m=1 can also produce an m=3 component because of its 

nonsinusoidal nature. The toroidal curvature also produces an 

m=3 component as does the asymmetric hoop positioning and the 

asymmetric toroidal gap. Finally, note that the m=3 component is 

strongly affected by aliasing with the m=5 component. The m=3 
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error may be reduced by the same steps that reduce the m=1 error, 

but the extent to which they null under the same conditions 

remains to be seen. 

The m=4 mode is pres ent as would be ex pected from the fact 

that the ves sel has four-fold symmetry. The error is such as to 

require a reduction in current in the inner bridges as expected 

since the inner hoops were moved farther from the wall than the 

original design case. 

To get a better idea of the error in current placement, the 

quantity �J is plotted versus poloidal angle, measured counter-

clockwise from the outer wall midplane. Figure shows the 

result using the Fourier series and using a direct subtraction of 

the raw signals from adj acent coils. Note that the Fourier 

series method, though it gives a smoother curve, introduces 

additional peak s in �J that are not evidenced in the raw data. 

The result is to suggest that current should be removed from the 

inner bridges and added to the inner wall midplane. 

An attempt was made to reduce the errors by moving the upper 

and lower primary windings tow ard the outside, raising the outer 

primary slightly, and adding a small inductor (about 6 �H) in 

series with the top and bottom legs of the core. With a hoop 

current of 300 kA and a poloidal gap voltage of 38 volts at 0.5 

ms, the unintegrated signals from the coils at 0.5 ms without 

pla sma were reduced to the following: 
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Figure 1 .  Poloidal gap current error for Tokapole II before correction (t 

0, no plasma). 
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i S
i 

+5 mV 

2 -34 mV 

3 +13 mV 

4 -52 mV 

5 +46 mV 

6 -8 mV 

7 +33 mV 

8 -4 mV 

As shown in figure 2, the maximum error was reduced about a 

factor of 2.5. The m=4 error is the dominant one, indicating an 

excess of current in all bridges and a deficlency in the midplane 

and midcylinder. The m=O mode was virtually eliminated, and the 

m=1, 2 and 3 were reduced by a factor of 3-4. 

The relative error has a slight time dependence. After 5 

ms, the maximum error has increased slightly, as shown in figure 

3, but the general shape and mode composition are the same. A 

curious feature of the time dependence after the corrections were 

made is that the integrated signals in coils 2, 4, 5 and 7 follow 

the waveform of the poloidal field, but the signals in coils 1, 

3, 6 and 8 are quite different in shape and on the average 

smaller by a factor of about 5. These measurements were all 

taken without plasma. With plasma, the results are qualitatively 

similar since the plasma current is only about 11% of the hoop 
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Figure 2. Poloidal gap current error for Tokapole II after correction (t 
0, no plasma). 
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curr en t . 
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III. Examp l e  2: P ol oi dal D i ve r t or RFP Polo i dal Gap 

The same procedure as ab ov e wa s ap pl i e d  to a measurement of 

the f ie ld err or s  at the poloida l  gap on t he p ol oida l  d i ve r tor RFP 

in the absen c e  of plasma . A s et of 8 c oi ls wa s d i s tr i buted 

around t he gap as descr ibed ab ove .  The mach ine was pu l se d  at a 

peak ho op current of 25 0 kA w i th an 8:1 turns rat i o  on th e 

p oloidal ir on c or e  ( f our w ind i ng bund les in p ara l le l ) .  The 

magne t i zing curr ent wa s neg l ig i ble . The me asuremen ts wer e  tak en 

1 .0 ms a fter the f ie l d  was pul sed at wh i ch t i me the p olo i da l  gap 

voltage wa s 1 1 0 V. The s i gnals f r om the coils were not 

i n t egrated and had app r ox imat e l y  the same wave f orm as the 

p ol oida l gap volt a ge ,  a t  least at the t i me s  of inter es t .  The 

co i ls we re numbered sequen t ia l ly from i = 1  at  the outer wa l l  top 

to i = 8  a t  the ou te r wall bot t om and all or iented in the same 

s en s e .  T h e  data are a s  fol l ow s :  

i S i 

+1 25 mV 

2 +400 mV 

3 - 29 0  mV 

4 +65 0 mV 

5 - 7 0 0  mV 

6 +200 mV 

7 - 5 0 0  mV 

8 - 1 3 0 mV 
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The se mea sure men ts i mp ly the fol l ow i ng mode spectrum: 

m cm <Pm 

0 0.27 8 1 80 

2.3 1 5  88 

2 0.57 9 65 

3 3 .836 89  

4 4 .428 - 90 ( as sume d )  

x 1 0-3 degr e e s  

The amp l i tude s of the modes ar e norma l i zed t o  the t otal p oloida l 

f lux in the mach ine. 

With th is norma llzat i on, the mode ampli tudes mu st be 

mul ti p l i e d  by a fac tor of NL/ �ow = 27 7 0 t o  ge t the ac tual value 

of Bn / Bt ' wher e  L i s  the induc tance of the mach ine ( 1 .8 3 �H) and 

w i s  the w idth of the gap ( 4.20 mm at t = O) . Thus the largest 

mode ( m = 4 ) c or r e sp ond s t o  ab out a 1 200% f ie l d err or at the r ad ial 

l ocat ion of the sense c oils . The h i gh or der mod e s  fa ll off 

r ap i d ly w i th d i s tanc e b ey ond the sense c oi l s ,  h owever . 

The re lat i v e  er r or s  i n  the RF P are ty p ically 2-3 t ime s  

lar ger than the c or r e sp ond ing err or s  in T ok ap ole II, e s pec ial ly 

f or the m= 4 mode wh ich is lar g e  becau se the turns on the leg s of 

the c or e  are c lumped mor e  than des ir ed n e ar the m i dp lane and 

m i d c y l i nder r ather than in the br idges. 
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As for the To k apole ,  �J i s  p lo t t e d  ver su s p olo idal ang le in 

f i gure 4. The r e su l t  ind i cates the predomi nan ce o f  the m= 3 mode 

but out of pha se w i th the To k apole ca se. The imp l i cation is that 

curr ent should be r e move d from the inner wal l  m i dp lane and added 

to the inner br idges .  Th is wa s done shor t ly before the mach ine 

was d e comm i s s ione d, and a l though the err or was r e duce d ,  the 

pla sma per formance wa s no t improved. 

The t i me d ependence of the ab ove errors was ca l cu l a t ed by 

Beck stead, and h is results ar e in clude d as f i gure 5 for the ca se 

w i th no p lasma. The mode a mpl i tu des and pha ses are re lat i ve l y  

constant,  a t  l e a st for the fir st f i ve mi l l i s e conds of th e pu ls e ,  

e xcept that the m = 2  mode gr ows s l i ght ly. The var iat ion n ear t = O  

i s  a re sult of the d i v i s i on o f  two sma ll numb er s s i n ce both 

the error f i e ld and the polo i dal f ie l d start at zer o at t = O .  The 

growth of the m= 2 mode co uld be corr e cted by var y ing the r elat i ve 

induct ance and r e s i s tance of the var i ous w i nd i ng b und les on 

d i fferent le g s  o f  the iron cor e .  Some attempts at th i s  were 

mad e .  More de ta i led t i me - dep endent mea surements of the ga p 

error s in the pre s ence o f  tor o ida l f i e ld and pla sma wer e made in 

the last week of op er at i on o f  the mach ine by B e ck s te a d ,  Sar ff ,  

Almagr i and Assa d i ,  an d w i l l  b e  r e p or te d  e lsewher e .  
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Figure 5 .  Time-dependence of amplitude and phase of the various modes of the 

poloidal gap radial f ield error for Poloidal Divertor RFP (no plasma). 
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IV. Effect of Gap Errors on the Flux Plot 

A field error at any gap in a conductor bounding an 

aXisymmetric magnetic field in a toroid in general destroys the 

axisymmetry. The result may be a bump in the magnetic flux 

surfaces, islands in the flux topology, or a region of stochastic 

wandering of the field lines between two well defined surfaces. 

If the error is characterized by particular poloidal and toroidal 

mode numbers, m and n, respectively, islands will form in the 

vicinity of the surface q = min where q is the safety factor, 

equal to Btr/BpR for a large aspect ratio ( R/r ) , circular system. 

In general, an error is characterized by a broad spectrum of m 

and n values, causing islands throughout the flux plot with 

widths proportional to the square root of the amplitude of the 

component of the error with which they are resonant: 

Br r 112 
f::,r '" 4[ ------ ] -

Bp ndqldr 

The overlapping of these islands when the error is large causes 

the stochastic wandering of the field lines that is considered to 

be especially detrimental to plasma confinement. 

The normal magnetic field entering or leaving a gap gives 

rise to an error field throughout the device. The easiest way to 

model this field is to line the gap with a row of magnetic 

monopoles, positive where flux enters the gap and negative where 

it leaves. The monopole strength is precisely what is measured 

by the sense coils at the gap. The magnetic field can be 
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calculated from the array of monopoles by superposit ion in the 

same way that Coulomb's law is u sed to calculate the electric 

fjeld produced by an array of charges, namely 

N 
B = I si!:.i /41Tr3 

i=1 

Actually, this procedure is not quite accurate since the fi.eld 

near the gap is unidirectional, whereas the field very near a 

monopole or point charge is isotropic. This difference is 

important only near the gap and is not thought to greatly affect 

the flux plot calculation except perhaps very near the wall. The 

effect of making this assumption should be to narrow the n-

spectrum and to broaden the m-spectrum somewhat. 

Using this procedure, eight monopoles were assumed to be 

located around the rim of the Tokapole poloidal gap, each at the 

center of one of the sense coils, and with a magnitude 

proportional to the strength of the flux entering the gap through 

that coil. Actually, the m=O component was first subtracted out, 

although it could also have been included by distributing 

additional monopoles appropriately along the toroidal gap. 

Figure 6 shows the resulting magnetomotive force (mmf) surfaces 

(magnetic scalar potential) in the plane of the gap that results 

from this approximat ion. The error field is perpendicular to 

these surfaces with a magnitude proportional to their density. 

Near the center of the machine, the predominance of the m=1 

(vertical) field js apparent. On the axis of the machine, the 

error field is calculated to have a value of 5. 2 gauss when the 



Figure 6. Magnetic scalar potential of error field in the plane of the 

poloidal gap of Tokapole II before correction (t = 0, no plasma). 
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total poloidal flux in the machine is 0.066 webers (corresponding 

to a hoop current of 300 kA). 

To estimate the effect of the gap error on the flux plot of 

Tokapole II, the field error as calculated above was superimposed 

on the equilibrium field of the hoops as represented by four, 

straight, 

±0.145 m 

current filaments. 

and y ±0.145 

The filaments were placed at x 

m, each carrying a current Ih/4. 

Actually, the electrical centers of the hoops were displaced from 

their geometric centers along a diagonal by an amount 6 � rh(v-

1)/2(v+1), where rh is the hoop minor radius (0.025 m) and v is 

the maximum variation of the poloidal field over the surface of 

the hoop (see PLP 97 7 ). Since v depends on the plasma current, 6 

(in meters) was approximated by 

The poloidal gap was taken as a square at x = ±a and y = ±a, 

where a = 0.2 2  m. The plasma was represented as a toroidal 

current density distribution proportional to 1/r (giving a 

spatially constant poloidal field strength contribution from the 

plasma) with a magnitude adjusted to give the desired total 

plasma current. The toroidal field Bt was taken as constant over 

the x-y plane. Periodic boundary conditions were applied in the 

z-direction with a period of L = 2�Ro = 3.14 m. The poloidal gap 

was assumed to be at z = L/2, and the position of the field line 

was plotted every time it punctures the x-y plane at z=O. 
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E ven using the simpHs t i c  representat ion o f  the Tokapole 

wi th the gap err ors as de scr ib e d  ab ove, fo llow i ng se veral f ie l d  

l i ne s for hundred s  o f  toro idal tr ans i ts w i th su ff i c ient accura cy 

r equ ires large amo un t s  o f  computer t ime. The a lgor i thm u sed was 

a fo urth or der Runge-Kutt a  with a fi xed step s i ze o f  5 mm .  The 

code so lve s  s i mu l t aneously the three equat ions d x/d � 

dy/ d �  = By/ B  and dz/ d �  = Bz/ B  wher e d� i s  an increment of leng th 

in the lo ca l  d ir ection of B and B 

In i t i a l  con d i t ions wer e  tak en as y= z= O ,  and x in  ten e qua l 

incre ment s  b e tween 0 and a .  The p r ogram a s  l i s ted in Append i x  A 

was wr it ten in Tur b o  BASIC and run on an IBM PC- XT compat i b le 

wi th an 8 087 ma th coproce s sor . Each t r ans i t  r e qu ired several 

minutes of compu tat ion , and a who le fl ux plo t  r e qu ir ed ab ou t  a 

day. 

F i r s t , the code was run in the ab sence o f  f i e ld errors to 

ensure that the numer i cal a ccur acy wa s adequ ate and to pr oduce an 

equ i l i br ium flux plo t .  The result as shown in fi gure 7 fo r Ih 

300 kA , Ip = 30 kA an d Bt = 0 . 5 tes la,  strong ly r e se mb le s the 

numer i cally ca lculat ed flux plo t for the actua l Tok apole. The 

cor r e spond i ng q -prof i le as a f unct ion o f  r ia mea sured acr oss the 

m i d p lan e is shown in f i gure 8 .  

Ne xt , the g ap f i e l d  error s wer e add e d  w i th a ma gn i tude 

cor r e spond i ng to the ir va l ue be fore any i mp r ove men ts wer e  made .  

The re sult i n  f i gure 9 show s  cons iderab le s t o chast i c i t y  out s i d e  
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Figure 7. Equilibrium field flux plot used to model Tokapol e II (no errors, 
with plasma). 
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Figure 8. Radial q-profile in the mi d plane of the flux plot use d to mode l 
Tokapole II (no error s, wi th plasma). 
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Toroidal puncture plot for Tokapole II before correction (wit h 
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the separat r i x. Of course , the q-p ro f i le is more strong ly 

sheared than in the rea l ca se b e cause of the r ep r e sent a t i on o f  

the pla sma s uch that q goes fr om 0 t o  � between the a xis an d th e 

separatr i x. F i gur e  1 0  shows th e sa me cas e, but in the x- z plane 

for y=O. The stocha st i c i t y  near the wa lls is e qua lly e v ident 

here. 

F i gure 1 1  shows the mmf sur faces in the p lane of the gap 

a fter the cor r ect ions were made. Th i s  is th e 0.5 ms ca se wi thout 

plasma . A pp ly ing the s e  err or s  to an equi l i b r i um To kapole f i e ld 

w i th 1h = 300 kA and 1p = 30 kA g iv e s  the p uncture plots in 

f i g ure s 1 2  and 1 3 . Some is lands and stocha st i c i ty are ev ident 

but much r e d uced from th e ca se be for e the error s wer e cor r ected. 

The de s i gn ca se o f  1h = 500 kA , 1p = 1 00 kA and Bt = 0.5 tesla 

was also e xamin e d  with the r esult as shown in fi gures 1 4  and 1 5. 

The f l ux sur faces ar e no t qui te a s  we ll de fined as for the lower 

curr ent ca se . 

An attemp t  was also ma de to a scer t a in the qua l i ty o f  th e 

f l ux sur face s  for the po lo i da l  d i ver t or RFP in the p r e sence o f  

the me asure d gap error s .  A s  with t h e  Tok ap ole , the de v ice wa s 

r epre sen ted a s  a cy l inder of s quare cr oss sect ion w i th 

f i lamentary currents ne ar the cor ner s to repres en t  the hoo ps. 

The d imen s ions ch osen wer e a = 0.5 m and L = 2TIRo = 8 .7 3  m. The 

hoop s wer e  place d  at x = ±0.32 m and y = ±0.3 2 m with rh = 0.02 1 

m ,  each carry ing current 1h/ 4 . The fo urth or der Rung e - Kutt a  

scheme used a s t e p  s i ze o f  1 cm. The e qui l i b r i um fl ux plot ( no 



Figure 11. Magnetic scalar poten tial of error field in the plane of the 
poloidal-gap of Tokapole II after correction (t = 0, no plasma). 
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current l i mi t ( w i th plasma ) . 
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f ie ld err or s ) for Ih/ Ip = 3 1 0  kA 1 1 7 0 kA i s  shown in f i gure 1 6 .  

Excep t for the absenc e of nos es and gu ssets , the flux plo t  

r e se mb le s  the exper i menta l  on e .  

F ir s t , a to k amak case was ex amined . A t y p ical case i s  shot 

350 from 1 4 -May - 1 9 8 7 . Data were tak en at 3 ms , n ear the t ime of 

peak pla sma curr ent . Us i ng the measured polo ida l gap error s in 

the p r e sence of plasma and the mea sur ed hoop cur r ent ( 3 1 0 kA ) ,  

pla sma current ( 1 70 kA . current dens i ty pro p or t iona l to l / r )  and 

toro i dal f ie ld ( 7 00 G, constant in spac e ) , the p unc tur e p l ot of 

f i gure 1 7 wa s g enerate d .  Some good flux sur fac es are ev ident 

near the ax i s ,  but o therw i se the f l ux p lot i s  qu i t e  sto cha st i c . 

In order to mode l an RF P ca se , some pre s c r i p t i o n  for the 

spat ial var iat ion of the tor o i da l  magn e t i c  f ie ld i s  r e qu ir e d . In 

a cy l i n de r , we requir e  dBt / dr = 0 at r - O  an d r = a , and Bt ( a )  

F<Bt > , wher e F i s  the f i e ld rever sa l p arame ter and <Bt > i s  the 

value of Bt averag ed ove r  the c ir c u lar cross se c tion ou t to a 

rad i u s  r = a .  If we further requir e  that Bt be inde p enden t of r 

for F= 1 ( to k amak l i m i t ) ,  the s imple st polynomi a l  expan s ion o f  

Bt ( r )  that sa t i s f ies all the requir ements is 

Fi gure 1 8  shows a plo t  o f  Bt ( r )  for a ty p ic a l  RF P case w i th <Bt > 

30 0  G and Bt - 1 0 0  G ( F  = - 1 / 3 ) . Th i s  i s  a rea sonab le 

re pre sentat ion of the tor o id a l  f i e ld in an RF P and g ives a 
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F i gure 1 7 .  Po lo ida l punc ture plot for Polo ida l D i ver t or RFP ( to k ama k 
wi th p l a s ma ) . 
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r ever sal sur face at 

0 . 8 4 for F = - 1 / 3 .  

In or der to repres ent the tor o i da l  f i e ld in the nonc ir cular 

RFP w i th internal r ings , the above Bt pro f i l e  was u se d  in the 

mi d plane , and it wa s assume d  that Bt is o therw is e constan t  on a 

flux sur fa c e . In general th is r e su lt s in a rever sa l sur face  

betwe en the separatr ix and the wal l .  In the pr es ence o f  a f ie l d  

error , the f i e ld line  wan de r s  o ff the unp er turbed flux sur face , 

and thus the unper turbe d  toro i dal f ie ld i s  not qui te constant 

a long the traj ec tor y of the fie ld l in e . Th is  e ffe c t  was i gnor e d , 

bu t the var iat ion of Bt along the tra j ec tory o f  the fie ld line as 

a r e su lt o f  the tor o ida l  f i e ld o f  the error i ts e l f  is inc lude d . 

The pla sma current i s  assumed toro i da l  wi th a 

propor t iona l t o  1 /r as with the tok amak ca se . 

c urr ent den s i t y  

Thus A = J I B  i s  

not par t icular ly cons tan t , but for the 

prob ab ly reasonab ly representat i ve 

s i tuat ion . 

p r e sent purpose i t  i s  

of the exp er imental 

The case ca lculated wa s sho t  428 fr om 1 5-May- 1 987 . Dat a  

were t ak en at 2 ms , near the t ime o f  max i mum f ie ld r eversa l . 

Us ing the mea sure d polo ida l gap errors in the presence o f  plasma 

and the mea sur ed hoop cur r en t  ( 24 0  kA ) ,  plasma curren t  ( 1 35 kA ) ,  

average tor o ida l f i e ld ( 30 0  G ) , and fie ld at the wa ll ( - 1 00 G ) , 
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the puncture plot of figure 19 was generated. As for the tokamak 

case , the flux surfaces are good near the axis but completely 

stochastic near the edge. The good behavior near the axis is a 

result of the strongly peaked current density that gives a low q 

and high shear. The field errors for this case are sufficiently 

large that essentially all the field lines outside the separatrix 

exit thro ugh the poloidal gap within a few toroidal transits. 

An alternate current profile is one for which A = J I B  is 

constant. From V x � = �o� in the cylindrical approximation , the 

contribution to the poloidal field produced by the plasma 

corresponding to the previously described toroidal field profile 

is 

� I r[ 3 - 2F - 3(1-F )(r/a)2 + (1 +F)(r/a)4J /2na2 
o p 

In order to apply this result to the noncircular case with 

internal rings , the poloidal field is calculated in the midplane 

and assumed constant in magnitude along the traj ectory of a field 

line. The equilibrium flux plot corresponding to this case is 

shown in figure 20 and is practically indistinguishable from the 

case with J proportional to 1/r. 

Applying the experimentally measured poloidal gap errors to 

this relatively weakly sheared equilibrium ( q= O. 2 on axis) 

results in a puncture plot with virtually no closed flux surfaces 

and field lines that leave the po loidal gap in only a few 

toroidal transits. It is hardly surprising that sustained RFP 
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discharges could not be obtained under these conditions. The 

machine was decommissioned before a serious attempt could be made 

to reduce the errors. Further experimental studies of the effect 

of gap errors on RFP plasmas must await the delivery and 

installation of MST. 
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V.  Gap Err or Cor r e c t ion S chemes 

The most obv ious way to avo id a gap error i s  to arrange for 

the w i nd ing s  that dr i ve the g ap to cross the gap w i th the pr oper 

d istr i bution to match the current dens i ty in the wall far fr om 

the gap . Good p r ac t i ce d ic tates that th is  b e  done as accurat e l y  

as pos s i b le , but i t  can never b e  per fe c t .  Even if one co uld 

calculate the des ired d i s tr ibu t ion w i th abso lute ac curacy , 

chang ing pla sma cond it ions and other t i me -dependent e ffe c ts such 

a s  soak - in would generate error s . 

One poss i b il i ty tha t offer s  some advan tage is to connec t  

some o f  the w ind i ng s  i n  paral le l  rath er than i n  s er ie s . Then 

when mor e curr en t is demanded fr om one port ion of  the gap , the 

w ind i ng c urr ent automat i ca l ly r e ad j u s ts in a way that i s  not 

pos s i b le when the wind ing s are in ser ie s .  I f  the mach ine has an 

i nherent symme t r y  ( such a s  up /down ) and an inher e nt a symmetry 

( such as in /out ) , it  is b es t  to par a ll e l  turns on the a symme tr ic 

s i de s  r a ther than the symmetr ic s i de s . Thu s  i f  the polo i dal 

f i e ld w ind ing s  ar e spli t into two para lle l bundle s ,  the s p l i t 

should b e  at the m i d cy l inder ra ther than at the m i dplane . 

Parall e l w in d ings  also allow easy tr imming by add ing a sma ll 

s er i e s  i mp edance in one or more of the bund l e s  of turn s .  Vary ing 

the res i s tanc e  and reac tance of th is impedanc e prov ides some 

control o f  the t i me -dependence o f  the error . W ind i ng s  i n  ser i e s  

can also b e  tr immed with a shunt e l e men t , but i t  must have a h igh 



-2 7-

impedance, and thus is inherently diff icult using i nductors. One 

could use a series RC in  parallel with a ser ies winding bundle, 

but the poss i bility of resonances mak es the time -dependence 

somewhat more complex. 

Another cure is the use of a long flange connected to the 

gap (see PLP 965 ) . The flange has the effect of placing the 

wind ings far from the region where a field error would cause 

harm. The flange allows the current streamlines to gradually 

readjust along its length. However, the current dens ity in the 

flange is determined at early times by its inductance (primarily 

the gap spacing) and at late times by its resistance (th ick ness). 

Thus a poorly designed flange may do more harm than good. 

Usually space li mitations restrict the length of the flange. The 

flange may be folded, however. The current distribution in the 

flange can be adjusted by varying the gap spac ing and /or the 

resistivity by, for example, drilling in the flange holes that 

can be selectively filled with conducting plugs. In practice, 

such holes are capable of correcting only relat i vely minor 

errors. 

Just as the radial flux emerg ing from the gap provides a 

measure of the field error, any scheme that reduces the radial 

flux also reduces the error. Thus a conducting plate placed over 

the gap eliminates the error, at l east on the time scale of the 

field soaking into the plate. S uch a shield is topologically 

similar to a folded flange except that i t  need not be connected 
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to the wall of the mach ine. Its purpose i s  t o  generate edd y 

currents wh ich produce a rad ial flux that cancels the radial flux 

of the error. The eddy currents can also be v iewed as 

trans pos ing the driv ing currents from where they are to where 

they should be. 

If it is inconven ient to sh ield the gap with a continuous 

plate, d iscrete current loops can be u sed instead. The 

numerology for correcting errors with such loops is the same as 

for measur i ng errors . F or example, e ight loops can elimi nate m=O 

through m= 3 and one phas e of m= 4, subj ect to cons iderat ions of 

aliasing w ith h igher harmonics as descr ibed earlier. In the case 

of d i screte loops, it is difficult to make them pass i ve because 

their L/R time is typically small compared to the durati on of the 

pulse that they are designed to correct. Perhaps soon new high

temperature superconductors appropriate for the task will be 

ava ilable. Meanwhile, one must typically dr ive them w ith some 

external current. To the extent that the field error has the 

same time-depen dence as the field produced by the gap voltage, 

the correction coi ls can be connected in ser ies wi th the ma in 

windings, perhaps with some kind of current transformer to 

prov ide the correct magn itude of current. One could also dr i ve 

them in parallel with the main w ind ing s if care is taken to 

adjust the ir inductance and res i stance appropr iately to get a 

reasonably correct time-dependence, but th is is d ifficult because 

the inductance and res istance of the plasma are typi cally 

complicated functions of time and exper imental cond it ions. 
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Corre c tion co ils dr iven e ither in ser ie s of para lle l w i th the 

ma in w ind ings are c apab l e  of cor r ec t i ng on l y  a par t icular plasma 

curr ent pro fi l e  and cannot in gen er a l  ac comodate to chang ing 

plasma cond i t ions .  

A pos s i ble so lution is  to sense the rad ia l error fie ld and 

then to app ly feedback thr ough h igh - ga in amp l i f i ers to co i ls 

whose purpose i s  to dr ive the error f i e ld to z ero ( see the DOE 

prop o sal for Rever sed F ie ld P inch Stud ie s , F eb ruary , 1 9 84 ) . In 

th is way , the e ffec t i ve L/ R  t i me o f  each c o i l  is mu lt i p l i e d  by 

the ga in o f  its amp l i f ie r . Prac t ical app l i cat ions o f  th i s  idea 

are limited  by the ava i lab il i ty of amp l i f ie r  components w i th 

suf f ic i ent power and speed and by the u sual p r ob lems o f  

l inear ity , eff i c ienc y , pha se sh ift s , stab il i ty ,  etc . Such a 

so lu t i on would be very e l i gent , howe ve r ,  s ince i t  can comp en sate 

for all t ime -de p endent e ffe c t s  and chang ing pla sma cond it ions . 

If  the error f ie l d  i s  spat ia l ly F our ier trans forme d  as 

desc r ib ed in the pre v io u s  se c t i ons , i t  i s  l i k ely that the largest 

error s have low mode number s ( m  = O , 1 , 2 , e tc . ) .  Fur the r mor e ,  the 

low mode err or s ar e typ ica lly most de tr imental  becau se they 

penetrate more d e ep ly in to the r eg ion conta in ing the plasma and 

often mor e ea s i l y  resonate with he l i c a l  f i e ld l ines ins ide the 

plasma . Thu s  the me thod of at tack i ng f ie ld errors is nor ma l ly to 

wor k fi r s t  on the lowes t  mod e  and to worr y  ab ou t  h igher mo de 

numb e r s  on ly a fter the lower one s  have b e en e l im inate d . 
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In this connection, it is useful to note that each mode, 

with the exception of m=O, requires two independent adjustments 

to eliminate. These can be thought of as amplitude and phase, 

sine and cosine, horizontal and vertical or some combination .  To 

eliminate m=O through m= 4 thus requires a total of nine 

independent adjustments and even then one can be assured that the 

correction is perfect only at one particular time during the 

pulse. Ideally the adjustments should each encompass a separate 

adjustment for the resistive and reactive components so that one 

can eliminate the error at two times, typically very early in the 

pulse and very late. The hope then would be that the error is 

acceptably small at intermediate times. Alternately one can pick 

a time in the middle of the pulse at which the field error is 

made zero and then use the other adjustment to minimize the rate 

of change of field error near the time of interest. 

Actually ,  the si tuation is not quite as complicated as 

described above since the m=O error is often generated as a 

consequence of the higher errors and disappears automatically 

when the others are eliminated. Furthermore, there are often 

inherent symmetries in the machine (up/down) that dictate the 

phase of the higher modes. Finally, for many cases, the time

dependence is relatively weak. Thus in practice four independent 

adjustments usually suffice to reduce the modes through m= 4 to an 

acceptably low value. 
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Append i x  A 

' Pr ogram PUNCTURE . BAS 
' Th is Turbo BASIC ' program fo llows a fie ld l in e  in a 
' large a spect r at i o  r epres ent at ion o f  T ok apo le I I , 
' and plots on the screen the polo ida l locat ion of  
' the f ie ld l ine e very t ime it  punc tures a par t i cular 
' tor o ida l az imu th or the rad ia l  location every time it  
' punc ture s  the mi dp lan e . 
c ls 
scre en 2 
d im x ( 8 ) , y ( 8 ) , z ( 8 ) , S ( 8 )  
R = . 5  ' ma j or rad ius o f  mach ine in m 
a = ; 2 2  ' ha lf he ight o f  mach ine in m 
h= . 1 4 5 ' hoop d is tance from m i dp l ane in m 
r h- � 025 ' hoop minor rad iu s  in m 
I h= 3 0 0 0 0 0  ' hoop curr ent in amp s  
I p - 30000  ' p la sma current i n  amps 
Bt= . 5  ' aver age toro i dal f ie ld in tes la 
F= l ' f i e ld re ver sa l parame ter ( 1  for tokamak ) 
Lo- 2 . 2e- 7 ' mach i ne induc tance in Henry s 
Nc - l 0  ' numb er o f  contour lines 
Nt - 5 0  ' numb er o f  toro i dal t rans its  
dl= . 00 5  ' step s i ze in  m 
p%=O ' 0  for x -y plot , 1 for x -z plot 
p i= 3 . 1 4 1 5 9 265 3 6  
mu- 4*pi * 1 . 0e- 7 
kh=mu*Ih/8/ p i  
k p=mu* I p /a /p i  
L .. 2 * p i * R  
for k = l t o  8 ' monopoles repre s ent g a p  error 

r e ad x ( k ) , y ( k ) , z ( k ) , S ( k ) 
z ( k ) = z ( k ) *L 
S ( k ) =S ( k ) * Lo * Ih / 4/ p i / 38000 

next k 
data . 2 2 , . 1 1 ,  . 5 , 5 
data . 1 1 , . 22 ,  . 5 , - 34 
data - � 1 1 , ; 22 , . 5 , 1 3  
data - . 22 ,  . 1 1 ,  . 5 , - 5 2 
data - � 2 2  , - ; 1 1 , � 5 ,  46 
data - . 1 1 , - . 22 ,  . 5 , -8 

data � 1 1 , - � 2 2 , . 5 , 33 
data . 22 , - . 1 1 , . 5 , - 4  
pr int " Ih = "  ; Ih / l  0 0 0 ; " kA" 
pr int " I p  = " ; Ip / 1 0 0 0 ; " kA" 
pr int "Bt - " ; int ( 1 e4*Bt+ . 5 ) ; " G" 
pr int " F  - " ; in t ( 1 0 0 0 *F+ . 5 ) / l 00 0  
c ir cle ( 2 4 0 *h /a + 320 , 1 0 0 - 1 0 0 *h /a ) , 2 4 0 *r h /a 
c irc l e ( 24 0*h / a+ 3 20 , 1 0 0 + 1 0 0 *h /a ) , 2 4 0 * rh / a  
c ir c le ( - 24 0 *h /a + 320 ; 1 0 0 - 1 0 0 *h /a ) , 2 4 0 *rh /a 
c irc l e ( - 2 4 0 *h / a + 3 2 0 , 1 0 0 + 1 0 0 *h / a ) , 2 4 0 * rh /a 
h=h+ 0 . 1 2*rh* ( 1 + 5 * I p /lh )  . 
i f  p%= l then O ls :  l in e ( 20 , 1 0 ) - ( 6 20 , 1 90 ) , 1 , B 
for i = l  to Nc - l  

x"- a * i lNc : d x = O  



next i 
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y= O : d y=O  
z .. L :  d z = O  
Btr =Bt * ( 3 - 2* F- 6 * ( 1 -F ) * ( x /a ) A 2+ 3* ( 1 -F ) * ( x /a ) A 4 )  
gosub 1 0  
def seg = &HB800 
b save " punc tur e . dat " , O , &H4000  

wh ile ink ey$< > chr $ ( 2 7 ) :  wend 
c ls 
end 
1 0  ' fo llow f i e ld l ines 
for j = 1  to Nt * i  

locate  25 , 1  
pr int i ; " I " ; j - 1 ; " I " ; Nt * i ; "  " ;  
wh i le z < L  

wend 

xo- x : y o= y :  zo= z :  g osub 2 0  
dx 1 =dl *Bx/ B : dy 1 =dl * By / B :  d z 1 =dl *Bz / B  
x= xo+ dx 1 / 2 :  y = yO+ dy 1 / 2 :  z = zo+ dz 1 / 2 :  gosub 2 0  
dx2-dl *Bx/ B :  d y 2-dl *By / B : dz2-dl *Bz/B 
x= xo+ dx2 / 2 :  y= yo+ dy2/ 2 :  z- zo+ dz2 / 2 :  gosub 20 
dx3=dl *Bx/ B :  d y3-dl * By/ B : dz3=dl *Bz/ B 
x= xo+ dx3 : y = yo+ dy3 : z- zo+ dz3 : g osub 20 
dx4-dl *Bx/ B : d y 4-dl *By / B :  d z4=dl *Bz/ B 
x- xo+ ( dx 1  + 2*dx2 + 2* dx 3 + dx 4 ) / 6  
y=yo + ( d yl + 2* dy2+ 2*d Y3+dy4 ) / 6 
z= zo+ ( dz l  + 2*dz2 + 2*dz3 + dz 4 ) / 6  
i f  p%= 1 then i f  y*yo < = O  then gosub 4 0  
i f  ink ey $ = chr $ ( 2 7 ) then c ls : end 

i f  p% = O  then gosub 50 
z=z-L  

n ext j 
locate 25 , 1  
pr int s tr i ng$ ( 1 4 , 32 ) ; 
re turn 
20 ' ca lcula te fie ld s 

r = sqr ( x* x+ y* y )  

re turn 

xl= x-h :  xg = x+ h : y l = y-h : yg = y+ h  
x 1 2-xl * xl :  x g2-x g* xg : y 1 2=yl *yl : yg2=yg* yg 
B x= yl / ( x 12 + y12 ) + yl / ( x g2 + y12 ) + yg / ( x 12 + yg 2 ) + yg / ( xg2+ yg 2 ) 
Bx-kh * B x+ k p* y  Ir 
By- xl / ( x 12 + y12 ) + xl / ( x 1 2+ yg2 ) + xg / ( x g2 + y12 ) + xg/ ( xg2+ yg2 )  
By= -kh * By - k p* x /r 
B z=Btr : g osub 30 
B - sqr ( B x* B x+By*By+ B z* B z ) 

30 ' add f i e ld error 
for k= 1 t o  8 

n ext k 
re turn 

xk= x-x ( k ) : y k = y-y ( k ) : zk- z-z ( k ) 
r 3- xk* x k+ y k* y k+ z k* zk : r 3-S ( k ) / sqr ( r 3* r 3*r3 ) 
B x=B x-xk*r 3 
B y- By -y k* r 3  
B z- B z-zk*r 3 
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4 0  ' p lot x - z  con tour 
xp= xo-yo* ( x -x o ) / ( y-yo ) 
z p=zo-yo * ( z - z o ) / ( y -y o ) 
p se t ( 30 0 * xp /a+ 32 0 , 1 90- 1 8 0 * zp/L ) 

r e turn 
50 ' p lot  x-y contour 

xp=xo- ( zo-L ) * ( x-xo ) / ( z-zo ) 
y p=yo - ( zo- L ) * ( y -y o ) / ( z-zo ) 
pset ( 2 4 0 * x/a+ 320 , 1 0 0 - 1 0 0 * y/a ) 

r e turn 


