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Abstract

Field reconstruction has been performed for the KEK large-
aperture-magnet "TOKIWA". The magnetic field components are
determined point-by-point by an iteration method in which the
output voltage from the Hall probes placed in three dimensional
directions are used simultaneously. The field components are
thus reconstructed accurately within 32 G everywhere in the magnet

volume.



1. Introduction

Recent experiments in high energy physics frequently require
large-aperture-spectrometer magnets. Since the field of these
magnets is In general strongly non-uniform, we have to determine
the distribution of field strength on a three dimensional grid
quite densely.

For the large spectrometer magnets BENKEI and TOKIWA at KEK,
a computer controlled mapping system with Hall plate assemblies
was constructed, having the following features;

1) complete automation with short measuring time,

2) high accuracy in spite of the simplicity, and

3) ability to measure non-uniform field.

These features were realized with our carefully designed on-line
and mechanical systems deseribed in references 1 and 2.

We used several Hall plates to measure the three-dimensional
field components simultaneously. Since the magnetic field distri-
bution we ere handling is highly non-uniform, the normal Hell
voltages ave affected by tangential fleld components, which we can
not neglect to obtain the precise distribution of field value.
Therefore, one applies the following procedure to get rid of this
difficulty3):

1) Three-dimensional calibration of a Hall plate.

2) One-dimensional field measurement. (The vertical field is

scanned only in & plane parallel to the median.)

3
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Reconstruction of the preliminary vertical component by

using the output voltage.
Iy

Introduction of magnetic scalar potentiasls by using the



vertical component.

5) To obtain a solution of a static field equation ( Laplace
eq.) when the correction for tangential field components
taken into consideration,

In this case, however, the field reconstruction is rather compli-
cated because of cumbersome numerical treatment of the field
equation. It can be considerably simplified, if the three-dimen~
sional measurement is performed. Therefore, we have adopted a
following method:

1) To make three-dimensional field calibration of a Hall plate.

2) To carry out three-dimensional field measurements.

.(The Hall plates are set in three mutually perpendicular
plenes.)

3) Field reconstruction performed only by using the measured
three output voltages from the Hall plates without a help
of static magnetic field equation.

This method simplifies the field reconstruction to a considerable

extent avoiding the field equation.

2. Geparal principle

When a Hall plate is placed in a megnetic field (Fig. 1), an
electric field appé&x;a ina ‘direction pefpehdicﬁinr to the a“ppiied
current flow, The output  voltage of the Haell plate is represented
by

V=V°+RByI-PBTEIsin(2¢); A (1

Vo ! residual voltage without field,



R : Hall coefficient,

I : Hall current,

P : planar Hall coefficient.
The second term of this equation represents the normsl Hall effect
eand the third one from the planar Hall effect due to the tangential
field componenth). This planar Hall effect term cannot be neglected

- in high-sccuracy three-dimensional reconstruction which we intend
to do. The expression (1) is slightly modified for a practical use:
V=V +RBIcosB-RBIEcsing sin(¢ +¢1)

+ P B2 1 5in®0 sin(2p + ¢,), (2)
where €, ¢l and 4)2 are the angular m:’Lsalignments of the Hall plates.
In a.ddition' to tl.le normal Hall constant R, we must determine the
constants P, ¢1, ¢2 and € in order to correct for the plenar Hall
effect, Once all of these constants are determined, the observed
Hall voltage becomes & Tunction of only B, © and ¢ ;

V = Ho(B, 8, ¢,) .
Setting the Hall plates having a common center point in three mutually
perpendicular planes, we get three output voltages from Hall plates
and, therefore, three independent equations, from which we can
easily reconstruct the three-dimensional field components Bx, By

and B .
A

3, Determination of calibration constanf;s

a) Normal Hell constant
The calibration of the normel Hall constant was performed 8 =
0.0 + 0,5 mrad in & uniform field. In this case, eg. {2) becomes

V=V, +RBI, ' (3)



which depends only on B. The V-B relation was measured in an in-
terval from 1.0 to 13.5 kG with a step of 200 G.

The magnetic field was determined to an accuracy of 0,2 G
using an NMR probe. The dependence of the Hall voltage on the

field was fitted by a seventh-order polynomial:

I i

V=1ru(B)= L a B, (k. 1)
i=0

which is shown in Fig. 2. The reverse relation is also necessary

for the field reconstruction:

: 7 .
B=g(V)= I b V. (k. 2)
i=0

The results calculated from (4. 2) reproduce the cbserved ones within

en accuracy of 0.5 G.

b) Planar Hall constant
The calibration of the planar Hall constant was performed at

8 = 90° within 0.5 mrad. Under this condition, eq. (2) is reduced to

V=K, - K; Bsin{p +¢,) - K, 82 gin(2p + ¢2). (5)
where

Ko = Vo (5. 1)

kK, =RIe (5, 2)

Ky=PI. . (5, 3)

In a uniform field, the voltage depends only on-¢. If the
coefficients and the phases in eg. (5) are determined, therefore,
the planar Hall constent P and € can be obtained from the equation
(5. 2) and (5. 3).

In order to determine these coefficients, a special device

2
was built to vary the angles ¢ within an accuracy of 1.0 mred ).

T



The measurement was performed in an interval from 0.0° to 360,0°
with a step of 5.0° at a constant field of 13.5 kG,

The results are shown in Fig. 3, The coefficients and phases
were determined by using a Fourier analysis method where the har-
monics nigher than three were neglected, The planar Hall constant
P was found to be slightly depending on B. The resulting accuracy
in terms of field value is better than 3.0 G over the range of the

field.

4. Field reconstruction

After the ecalibration, the Hall plate was set on a mapping
machine and measurements were performed point by point. The three
output voltages of the Hall plate at a given spatial point are

expressed as

V,=Va+ BB Icos(d) -RBIE sin(0) sin(e, + $,)

-p821 sinz(ex) sin{2¢_+ ¢,) (6. 1}
vy =V, + R 1321 cos(Zy) -RBIE sin(ﬁy) sin(¢y + ¢l)

- P B° I sin (ey) sin(2¢y +¢,) (6. 2}
V,=Vo +RBIcos(6,)-RBIEe sin(e,) sinld, +4¢,)

-pF1 ’sinz(az)’ sin(2p, + 0,0 , ‘ (6. 3)

where (Bx, ¢x)’. (ﬂy, ¢1}) s.nd,(Bz, ¢z) represent the field direction
on the coordinate when the Hall piate is p}aced on y-z, z-x snd X~y
plane respectively. From equations (6. 1, 2, 3) with the three
meagured voltages Vx, VY and Vz, we can reconstruct B, 0 and ¢.

For this computation, an iteration method was used. The iteration
was performed as follows: At first, we obtain preliminary values

for B, ].’ay end B_ using eg. (k. 2), under the hypothesis that V_,

-5-



Vy and Vz depend only on the normal Hall effect. After the co-
ordinate transformation from (Bx, By, Bz) to B, (Bx, rpx), \By, ¢y)
and (ez, ¢z), the field values and the direction are put into the
equations (6. 1), (6. 2) and (6, 3) and voltages are calculated
using eq. (4. 1). The raw data Vx, Vy and Vz differ from the cal-
culated voltages because of the tangentiel field effect. At this
point, however, the effect can be numerically caleculated through
the third and forth terms of the equations (6. 1), (6. 2) and (6. 3).
After the numeriesl éorrection, we can get more accurate values
for the normal Hall voltages. Using these new voltages, better
values for Bx.’ By and .’Bz are calculated. This process is repeated
until the calculated voltages converge to the measured value.

The iteration was done point by point at all of the measured
points. Typically, 5th iteration satisfied the convergence con-

dicion for individusl points. An average time for the computation

was about 4 msec per point.

5. Precision of the result
a) Errors in the calibration
As Aireétiy asserived in 3), the error in the normal Hall calibra-

tion is % 0.5 G, while it is-+ 3.0 G for the planar Hall calibration.

b) Errors due to mechanical aceuracy .
There are two sources  of mechanical errors; position and orien-
tation of the Hall plate.

The positioning accuracy of the Hall center is within & 0.24 mm.

Therefore, for a meximum field gradient of 700 G/cm, the error in

-6 -



the field reconstruction is 15.k G.

The accuracy of orientetion when plates are set on the machine
is within + 1.0 mrad. It causes an error less than 12.8 G even
at the meximum field of 12.8 kG.

The instability of the well controlled temperature of the Hall
plates and the electronics system produces errors far less than 1.0 G 2)-
Therefore, we can neglect them comparing with the errors due to the
mechanieal accuracy.

If we consider the maxmum value of the combined effect of all
these errors, the accuracy of the field reconstruction is better
than 3L.T G.

To check the_self-consistency of the results, field distributions
Bx’ By:and Bz were determined by solving the Laplace eguation under
the boundary conditions that the potentials, which were calculated
using measured IBy components, were fixed on the su: :ice of the effective
volume of the magnet. Field distributions thus obtained have a good

agreement with measured ones within the errors discussed shove.

6. Conclusion

f‘or the magnet TOKIWA, the corrections due to the tengential
field ‘coniponAeAn;b are rron; >307 to 170G1n Ebhe 10% f:egic;n of the
whole magnet volume. By a simultaneous measurement of three field
components aud a"jreci.se caiibration of normal and plenar Hall
coefficients, the use of the static magneti;: equation was avoided,
allowing a simple and relisble correction for the effect of the
tangential component. The resulting field values are, therefore,

accurate within 32 G even in a space vwhere the field gradient



hés ’thé largest value. The result has shown that the precise
mecha.nicalb and the versatile on-line control systems permitting
efficient and accurate mapping of non-uniform field were suc-
cessfully constructed, and that, as a result of this, the magnetic
field values reconstructed by a simple iteration method were
accurate enough for most of the conceivable experiments.

Typirzal field distribution thus obtained are shown in Figs. L,
5 and 6. The results of the three-dimensional field reconstruction
(field components at each position) are availsble as the facility

data stored on a magnetic tape.
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Figure caption

Fig. 1.
Fig. 2.
Fig. 3.
Fig. k.
Fig: 5.

Fig. 6.

Hall plate coordinate system.

Hall output voltages due to normal Hall effect.

Hall dutp\g_t‘j.i vbltg;es due to planar Hall effect.
Two-dimé!?léiona.l view of f.he fid.d.

Thfee;dimensional view of the field on the median plane.

Three dimensional view of the field near ‘the pole piece.
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