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ABSTRACT 

If the major axes of the helical and vertical field coils of 

a torsatron plasma confinement device are not aligned to within 

-1% of their major radii, the resulting error field can break up 

closed magnetic flux surfaces and reduce the effective plasma 

confinement volume. A novel technique for accurately locating the 

magnetic symmetry axes of torsatron helical and vertical coil sets 

to wichin -1 mm using magnetic field measurements near the device 

major axis (i.e., away from the confinement volume) is described 

and applied t o  the URAGAN-3 torsatron. The axis of the vertical 

field coil set was found to be shifted by -1 cm relative to the 

axis of the helical coil set; this shift could account for the 

reduced Confinement volume observed in previous experiments. 

magnetic measurements were repeated after coil repositioning to 

verify correct alignment. 

The 
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I. INTRODUCTION 

Toroidal plasma confinement devices having a rotational transform 

of the magnetic field (such as stellarators) are sensitive to small 

coil misalignments, which cause global distortions of the magnetic 

field. Such low-order, long-scale-length perturbations can have 

Fourier components that resonate with rational values of transform and 

break closed flux surfaces, leading t o  the l o s s  of In 

stellarator-type systems, the rotational transform is produced by coils 

external to the plasma, and the magnitudes of error field components 

that resonate geometrically with the rotational transform must be 

restricted to -10-3B0 (where Bo is the toroidal field) by maintaining 

coil alignment tolerances. 

One member of the stellarator family is the torsatron.4-6 It is 

particularly attractive as an experimental device because highly 

sheared fields can be obtained and the absence of toroidal field (TF) 

coils offers good access to the plasma. However, conventional 

torsatrons require a substantial vertical field from outboard coils to 

cancel the the net vertical field of the unidirectional helical 

windings. If the vertical field (VF) coils are not concentric with the 

major axis of the helical coils, a long-scale-length error field is 

produced. Numerical studies using the ORNL Advanced Toroidal Facility 

(ATF) torsatron configuration (major radius Ro = 2.1 rn) have shown that 

the VF coils must be centered to  w i t h i n  1 cm if closed flux surfaces 

are to be maintained. 

An earlier study’ showed in principle how the axes of the VF and 

helical coil sets of the ATF torsatron (an 1 = 2 device) can be 

determined by separately exciting coil pairs and mapping the resulting 
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magnetic field. 

be measured and optimized by measuring components of B along and near 

This work outlined methods by which coil alignment can 
+ 

the major axis of the torus. The strategy is to use field nulls to 

determine the location of the net dipole moment of each coil. pair. 

When all of these moments are aligned, the performance is optimized. 

This method has numerous advantages: (1) it does not require a 

vacuum, (2) it can be carried out in steady state at reduced fields, 

( 3 )  it indicates the cause of the field error and the direction of coil 

movement f o r  correction, ( 4 )  it can be performed during the assembly of 

the device, ( 5 )  it requires measurements only near the symmetry axis (R 

= O ) ,  that is, well away from the confinement volume, and ( 6 )  it aligns 

the coil magnetic (rather than mechanical) axes. 

In this paper, we apply these ideas to the actual experimental 

determination of the alignment of the axes of the helical and VF coil 

sets of the 1 = 3 URAGAN-3 device. Electron beam mapping’ of fields in 

the URAGAN-3 device has indicated that the region of plasma confinement 

is smaller than calculated, presumably because of a field error such as 

that produced by coil misalignments. Magnetic field an flux surface 

calculations were made using the geometry o f  the GAM-3 torsatroil, 

and experiments were then undertaken to determine whether there were 

coil misalignments t h a t  could explain the observed plasma size. 

Section I1 describes the URAGAN-3 device and the behavior of its 

flux surfaces and also shows calculated flux surfaces that would result 

from small misalignment errors. Experiments to determine whether 

errors were present and to separately find the major axes of the VF and 

helical coil sets are detailed in See. ‘CTT. Results and conclusions 

are presented in Sec. IV. 
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11. CALCULATED FLUX SURFACES IN URAGAN-3 

URAGAN-3 is an 1 = 3 torsatron9 with the coil configuration shown 

in Fig. 1. 

cm, and a winding law 4 = -3/9(8 - 0.2 sin 8 - 0.1 sin 28), where 8 and 

I p  are the poloidal and toroidal angles, respectively. All coils are 

powered in series from a flywheel generator, with shunts provided to 

It has a major radius of Ro = 1.0 m, a minor radius of 26 

Z 

I .4 

ORNL-DWG 85-3296 FED 

MAIN VERTICAL 

I 

(a l l  dimensions in crn) 

Fig. 1. Cross-sectional view of the URAGAN-3 coil system. 

minuses indicate current flow direction under normal 

operation. Dimensions are in centimeters. 

__  

Pluses and 
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vary  the relative currents in t h e  VF and trim coils. 

toroidal field of J T is generated a t  the magnetic axis of the plasma. 

Figure 2 shows the current filament model used to model the 

Typically, a 

conductors in URAGBPJ-3. 

helical coils is modeled with 20 filaments, and each of the VF c o i l s  

For flux surface calculations, each of the 

ORN L- D W G  85-3406 FED 

Pig. 2. Three-dimensional view of t h e  current filament model w c . d  in 

calculat ing f l u x  sui-faces in URAGAN-3. 
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(which are far from the plasma) is represented by a single filament. 

For the calculations of the magnetic field maps (of the region near 

R = 0 )  used in alignment measurements, all the coils could be 

adequately represented by single filaments. 

Figure 3a shows closed flux surfaces with ideal coil alignment in 

URAGAN-3. The flux surfaces are calculated by following field lines 

0.2 

0.1 

- 
s o  
N 

-0.i 

0 .e 
u 
0.9 1.0 1.1 

R (rn) 
4.2 

I I I 
A X = Z O m m  

0.8 0.9 4.0 1.1 i.2 
R (m) 

Fig. 3 .  Flux surfaces in URAGAN-3, showing (a) all coils correctly 

aligned, ( b )  VF coil displacement AX = 0.5 cm, (c) 5 X  = 

1.0 em, and (d) 5X = 2.0 cm. The current in each of the three 

helical c o i l s  was 555 kA, and a total of 461 kA flowed through 

the VF and trim coils. This helical field current gives an 

axial field of 1 T. 
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f o r  at least 100 toroidal transits or until they leave: the plasma 

volunie. One point was plotted per transit. For the configuration 

shown here, the rotational transform rises from a. :: 0.02 at the 

magnetic axis to ta "; 0.30 at the plasma edgen 

One of the most likely alignment errors is a horizontal 

displacement of the VI? coils with respect to the helical coils. A 

shift of the YE' coils by 0.5 cm ( see  Fig. 1) results in a global, 

long-wavelength field error that breaks up the outermost flux surface. 

This is shown in F i g .  3b. Larger horizontal shifts caiise even more 

breakup of the flux surfaces, as shown i n  Figs.  3c and 3d. For 

AX > ?" 1 cm, the average minor radius of the l.ast flux surface is reduced 

by a factor of -2. Other types of alignment errors, such as coil tilts 

01- the horizontal displacement of a single coil, are, of course, also 

possible, but these errors  were not found in URAGAN-3. 

111. MAGNETIC FIELD MEASUREMENTS 

A .  Procedure 

A large number of magnetic field calculations were carried out 

prior t o  the actual field measurements in order to map the various 

magnetic field components near R = 0 with and without coil alignment 

errors p r e s e n t  for various configurations of coil currents. The 

general experimental strategy suggested by t h i s  work was as follows: 

1. Determine the spatial structure of the magnetic field near 

R = 0 with both the VF and helical coils energized; this 

measurement quickly shows whether errors are present, but 

does not give precise a x i s  locations. 

2 .  Determine the magnetic symmetry axis of the helical coils. 

3. Determine the magnetic symmetry a x i s  of the VP coils. 
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4 .  Realign the coils and check the relative locations of the coil 

axes. 

If alignment errors were revealed in the first step, then details of 

these deviations would be ascertained in steps 2 and 3, and step 4 

could be taken to realign the coils. 

Only a few of the many field plots originally generated were 

directly used in the experiments. 

details of the measurements in the following sections. 

Those plots are shown along with 

B .  Apparatus 

Magnetic fields were measured by means of sensors placed on a 

positioning probe. A schematic view of this probe is shown in Fig. 4 .  

The magnetic field sensor was attached t o  a stiff wire that could be 

moved through 3 m in the vertical direction. 

be varied by 0.2 m in radius, via a screw drive, and by 360O in 

toroidal azimuth ($). Magnetic field sensor positions were measured by 

means of potentiometers driven by gears, and the potentiometer readings 

were recorded by a computer. The analog-to-digital converter of the 

computer limited the positional accuracy of the probe t o  1.5 mm in the 

2 direction, 0.1 mm in radius, and 0.1' in the angle +. 
Two types of magnetic field sensors were used: a magnetodiodela 

The sensor position could 

and a Hall effect probe. The magnetodiode was sensitive to fields of 

-30 mG, and the Hall effect probe could detect fields as low as 10 mG. 

These probes could be mounted so as t o  detect BR, BO, or BZ; the field 

readings were relayed t o  a computer. 

URAGAN-3 were operated steady state, but with currents reduced by a 

factor of 10 to 20 relative to the normal operating values to prevent 

The magnetic field coils in 
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I 

Fig. 4 .  Schematic view of the probe positioning device inside 

URAGAN- 3 .  

coil overheating. 

the measurements. 

The ability to run continuously greatly facilitated 

C. Overall Magnetic Field System Tests 

In order to determine if alignment errors were present, the coils 

were energized in their normal configuration (Fig. Sa). However, the 

ratio of the helical to VF coil currents was increased above i ts  usual 
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Z 

( C )  

Fig. 5 .  Cross-sectional views of the coil system in URAGAN-3, showing 

current flow directions: (a) normal current configuration, 

(b) currents applied during measurement of the VF coil set 

axis, and (c) currents applied during measurement of the 

helical coil set axis. 

value. Under these conditions, and with the coil sets correctly 

aligned, calculations show that there is a point on the Z axis where BZ 

changes sign. This change is quite sharp, as shown in Fig. 6 ,  which 

plots BZ contours in three X-Y planes spaced at 1-cm intervals along 

the Z axis. 



10 

ORNI-DWG 85--3303 FED 

Z = 39cm Z = 4 0 c m  5.0 

2.5 

- 
5 0  
> 

-2.5 

-5.0 
5.0 -50  2.5 0 2.5 5.0 -5.0 -2.5 0 2.5 

x (cm1 (61 X l cml  

5.0 

lo) 

2.5 

I 

E 
“ 0  
P 

-2.5 

-5.0 
-5.0 -2.5 0 2.5 5.0 
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Fig. 6. BZ values in three X-Y planes spaced 1 cm apart in 2, with 

correct coil alignment. The relative coil currents were 

chosen to produce a null i n  BZ at Z = 40 cm. 

If the VF coils are shifted 1 sm i n  the X direction with respect 

to the helical coils, these plots are significantly changed. 

center of t h e  BZ contours undergoes a large shift i n  the X direction, 

alternating from p l u s  to minus as BZ goes through zero, as is shown in 

Fig. 7. 

The 

In the calculations shown i n  Figs. 6 and 7, the relative VF and 

helical coil currents were chosen to produce a null in 
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Z = 3 9 c m  

ORNL-DWG 85-3304 f F 0  

A X  = Icm 
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5 0  

2 5  

I 

5 0  - 
?- 

-2  5 

-5 0 
-5 0 -2 3 0 2 5  5 0 - 5 0  

r 

2.5 0 2.5 5.0 
(crn) 

-5.0 -2.5 0 2.5 5.0 

X icrn) 

IC) 

Fig. 7 .  BZ contours in the three planes shown in Fig. 8 ,  but with the 

VF coils shifted by AX = 1.0 cm. 

Z = 40-cm plane. 

(rather than its absolute magnitude) that is critical, the currents 

used in the actual experiment can be chosen to place the BZ = 0 region 

at an experimentally convenient value of 2; the field patterns will 

show qualitatively the same structure. 

Since it is the spatial structure of the field 
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To test for the suspected type of alignment error (i.e., a shift 

of the axis of the VF coils) in URAGAN-3, €I7, was measured in each of 

several X-Y planes along Z by keeping the magnetic field sensor fixed 

in radius and rotating the probe in angle. The results are shown in 

Fig. 8 and exhibit regular oscillations in BZ as Q, is scanned in a 

circle. 

would be expected from Fig. 7 b ,  and that for smaller values of 2, BZ is 

negative. Scans were made continuously in a The small difference in 

the BZ values at d, = Oo and + = 360' is due to drift i n  the generator 

currents during the scan; this error does not change the conclusions of 

the measurements. 

Note that at 2 = 113.5 cm, BZ twice passes through zero, as 

The waveforms i n  Fig. 8 are consistent with those expected for the 

field plots in Fig. 7, which were calculated f o r  a coil shift of AX = 

P cm. The sinusoidal behavior observed is contrary to that expected 

f o r  perfect alignment (see F i g .  6 ) ,  which would result in constant 

(straightline) values of €IZ($) at constant R and %. 

measurements it could be concluded that there was indeed an error in 

the alignment of the WGAN-3 helical and VF coil sets. 

Fronr these 

D. Separate Determination of the VF and Helical Coi l  Axes 

1, Axis of the VF Coils 

Once it was known that an alignment error existed, the next step 

was to separately measure the 7, axis of each coil set in order t o  

determine the size and direction of the misalignment. The axis of the 

VF coils was determined by exciting the top and bottom VF coils with 

opposing currents, as is indicated in Fig. 5b.  This axis was measured 

at several points along the Z axis, as listed in Table I, The contours 
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- 4  
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Fig-. 8. Measured BZ values as a function of angular probe rotation 

about the Z axis for six different positions in 2. The 

relative coil currents were chosen to produce a null in BZ in 

the Z = 113.5-cm plane. The probe was located at a radius of 

15.9 cm relative to the assumed center of the coil sets. 

of BR are found t o  be symmetric, as shown in Fig. 9 for the X-Y plane 

at 2 = 0. 

The measurements were made by scanning in radius about preselected 

values of BR for each of six azimuthal positions (see Fig. 9a). 

Several data points were taken for each radial scan, and a linear 
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"able r .  Measurements of coil axis locations 
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B,(Z=O) VERTICAL FIELD COILS ONLY 

X ( c m )  

BR contours in the Z = 0 plane for the case in which the VF 

coils were powered with opposite currents. 

ranges for the initial VF axis determination measurements. 

(b) Geometry and data points for the final VI? axis 

determination after the VF coils were shifted. 

Fig. 9. 

(a) Data scan 
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regression analysis was performed to interpolate to the same 

for each radial scan. 

to find the axis of the BR field relative to the probe axis via a 

minimization technique. The X and Y values found by t h i s  method are 

given in Table I, along with the error, which is defined from the 

minimization technique as 

The six BR values so determined were then used 

where R is the radius from the measured center and Xn and Y, are the 

coordinates of each data point (as indicated in Pig. 9a). Note that 

the largest error is 0.17 cm, which indicates that the measured points 

were close to a circle of radius R .  However, there is some scatter in 

the values of X and Y listed in Table I. This scatter arises from 

system errors such as pickup of the large BZ fields that are present, 

drifts in the coil current during a BR scan, small oscillations of the 

probe positioning apparatus, and the horizontal component of the 

earth’s magnetic field. This last effect was -0.2 G, which is 

sufficient to cause a shift of the apparent coil axis AX - 0.2 cm 
toward the reference axis. Improvements to the measurement technique 

during the coil alignment process ultimately greatly reduced these 

system errors, as described in See. II.D.3. 

2. Axis of the Helical Coils 

To locate the axis o€ the helical coils, two coils were excited 

with oppositely directed currents, as shown in Pig. 5c.  Two different 

helical coil pairs were powered during the course of the experiments t o  

check for systematic errors. En the same manner as before,  data were 
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taken in X-Y planes at several points along the Z axis, as listed in 

Table I. 

When only helical coils are powered, the contours of BR are 

decidedly nonaxisymmetric but periodic in 9, as is illustrated in 

Fig. 10. 

negative, passing through zero at six points. 

in the region of these six null points, and a linear regression 

analysis was performed to find the nulls. 

written to find (by interpolation) the point of crossing of the three 

Since the coils are helical, BR oscillates from positive to 

Data points were taken 

A computer program was 

ORNL-DWG 65-3307 FED 

BR (Z=O)  HELICAL FIELD COILS 

.O 

X(crn)  

Fig. 10. BR contours in the Z = 0 plane for the case in which two 

helical coils were powered. 

indicated, together with lines connecting measured BR = 0 

points. These lines intersect at  the helical field axis. 

Azimuthal data scan ranges are 
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lines connecting the null points. Because of experimental errors, the 

three lines did not quite cross at a single point but formed a 

triangle. The perpendicular distance from the center of the triangle 

(which was taken as the measured helical field axis) to each of the 

sides was dn, and t h e  experimental error was defined (again, from the 

minimization technique used) a s  

2 Jd,l - .  
3 helical error = 

n=l 

Values o f  this error are given in Table I and are quite small. The 

same systematic errors that affected the VF measurements were also 

present in these measurements. However, sensitivity studies of the 

effect of the earth’s field showed that, in this case, it has a 

negligible effect on the calculated coil centers. This explains vhy 

this case exhibits less spread in the measured X and Y values (given in 

Table I) than was present for the VF coils. 

The measured vertical and helical axis points, as projected onto a 

single plane, are plotted in Fig. 11. Despite the scatter in the 

initial vertical field axis points, it is clear that there existed a 

systematic shift of about a centimeter between the axes of the two coil 

systems, necessitating realignment. 

3 .  Axis of the VP Coils After Realignment 

The simplest way to improve the relative alignment of the coil 

sets was t o  move the less complicated and lighter VF coils. After the 

VF coi1.s were adjusted in the direction indicated in Fig. 11, 

measurements were iiiade t o  cheek their alignment with the helical coils. 
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0 i 
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Fig. 11. Measured values f o r  the helical coil and VF coil axes plotted 

in a single X-Y plane. 

Improvements in the original method of taking data were 

implemented during these later measurements. The earth’s magnetic 

field was subtracted by taking data in a preliminary scan with all 

coils turned o f f .  With the coils powered in the configuration shown in 

Fig. 5b (vertical field axis determination), small variations i n  coil 

currents during a measurement scan were compensated by dividing the 

measured field by the instantaneous coil current, and errors due to 

pickup of the large BZ field were compensated. 

The geometry of these measurements is shown in Fig .  9b. If the 

probe axis is located a distance A and angle +o from the magnetic 

dipole axis of the VF coils, then 

A 
R BI = 052 [l - - cos(+ - $0)] + Bo , 



where Bl i s  t h e  radial field measured by the probe and the Bo term 

results from the fraction of the large BZ field that is present and is 

picked up by the probe due to imperfect alignment. The constant a was 

determined by measuring B1 at two values along a probe radius and using 

the relation OL = (Bll - B12)/(R1 -- R z ) .  

9, data were taken at 30' intervals, and the maximum and minimum values 

of Bl were found. 

(1/2)(Blmax - B.lmin) - &. 
Bl equation was so lved  for A and $o by a minimization technique. 

Coordinates of the resulting axis locations are listed in Table I. 

Then the probe was rotated in 

Bo was calculated from the rotation data using Bo = 

Once a and Bo were determined, the original 

The errors listed in the table for these measurements were found 

from the minimization technique to be 

1 9  

VF error = R ? 

are the calculated and measured values of Bi, 
- where Blcalc and Blmeas 

respectively, determined at 30° intervals in 0, and €limeas is the mean 

of the measured Bl values, 

data points than in the earlier measurements because systematic errors 

due to the earth's field, drift in the csil currents, and unwanted 

components of BZ have been eliminated. 

There is considerably less scatter in these 

Coordinates f o r  the magnetic dipole axis of the VF coils after 

realignment are plotted in Fig. 11. These points are very close to 

those of the helical coils, indicating that the two coil systems are 

now aligned. 
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The 

location 

improved magnetic measurements also showed no trend in axis 

for planes at different Z values? which made it possible t o  

eliminate VF axis tilts and misalignments of a single VF coil from 

consideration. 

measurements. 

These findings were supported by careful mechanical 

IV. DISCUSSION OF RESULTS 

Before the VF and helical coil sets were aligned, the flux 

surfaces of URAGAN-3 were mapped experimentally using low-energy 

electrons.* Results of this flux surface mapping are shown in F i g .  12. 

Note that the closed flux surface area is similar to the one calculated 

ORNL-OWG 85-3299 FED 

0.8 0.9 i .o f . i  ‘I .2 

R ( m )  

Fig. 12. Experimentally mapped flux surfaces in URAGAN-3 (from Ref. 8). 
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in Fig. 3c and that the breakup 

that field errors were present. 

of the outer flux surfaces suggests 

Analysis of the number of electron beam transits around the torus 

is shown i n  Fig. 13. This analysis shows a core region (enclosed by 

contours 1 and 2 in Fig. 13a) in which more than ten beam transits were 

recorded. Outside this region lies a zone -5 cm wide in which 

stochastic behavior of the flux surfaces is observed, again suggesting 

the possibility of alignment errors. However, these measurements must 

be intepreted with care because these data were taken with a 9% 

imbalance in the currents in the two VF coils, which was empirically 

chosen to optimize t h e  flux surfaces. This suggests the possible 

presence of an  additional radial error  field due to misalignments 

within the helical coil set itself. Such an error would be compensated 

by the VF coil current imbalance and would not be detected with the 

alignment technique described here. 

The methods developed during these experiments are generally 

applicable to coil alignment in other torsatrons, although details may 

vary depending on the exact coil geometry. This method has the 

advantage of determining the magnetic dipole (rather than the 

mechanical) axes of the coils directly. It is necessary to know only 

the order of magnitude of the coil currents, since the measurements 

depend only on the geometry of the coils. Since it is not necessary to 

make field measurements at precisely R = 0 or  in the region of the 

plasma, the magnetic field sensor can be mounted from a rigid post at 

the estimated center of the coil sets. The measurements do not require 

that the system be under vacuum, and either steady-state or pulsed 

currents can be employed. 
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( b )  

tron beam map of flux surfaces in URAGAN-3 d the number 

of electron beam transits of the device. (a) Flux surfaces. 

Inside the hatched area (between contours 2 and 3) the beam 

exhibited ergodic behavior. Between contours 1 and 2, 10 to 

20 electron beam transits were observed. More than 30 

traversals were measured inside contour 1. (b) The number of 

beam transits as a function of major radius. 
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It should be noted that the alignment technique described here is 

primarily useful for aligning the coil axes. Since the field 

measurements are made in the vicinity o f  the syrrimetry axis (R = 0), 

they are relatively insensitive to distortions such as ellipticity of 

the VF coils. Errors such as these would be better diagnosed using a 

technique that involved field measurements nearer the coi l s ,  where t he  

effect of small distortions is much stronger. 
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