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Abstract

High-precision magnetic-field mapping was performed for an experiment to search for a violation of time-reversal invariance
in the K™ — n’u*v, decay at the KEK proton synchrotron. A commercially available three-dimensional Hall probe was
used in conjunction with a specially designed mapping device and a goniometer system. Details concerning the measurement
principle, calibration, actual measurements and analysis are described.
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1. Introduction

1.1. Measurement of transverse polarization
in the E246 experiment

The E246 collaboration is aiming to search for a vio-
lation of time-reversal invariance in the K+ — nu*v,
decay (K,3) at the KEK proton synchrotron. In this
experiment the transverse polarization (Pr) of muons,
which is the component of polarization normal to
the decay plane, is precisely measured. Pt can be
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Fig. 1. E246 set-up: (a) The decay p* from the K,z is momentum-analyzed by one of the 12 magnet gaps and stopped in a polarimeter.
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rotational symmetry. A positron counter is located at the middle of two stoppers.

expressed as a vector triple correlation,

Py = Su (P X Py)
|Pr XPH‘

where s, is the spin vector of a muon and p, and p,
are momentum vectors of a muon and pion, respec-
tively. Since Pr is odd under time-reversal, a non-zero
value of this observable signals T-violation. The most
umportant feature of the K,3 muon transverse polar-
ization is the fact that there is no contribution from
the standard model through the Kobayashi-Maskawa
scheme. Therefore, we might be able to search for ad-
ditional or alternative sources of CP-violation beyond
the standard model, based on its extension or on the
introduction of new interactions. This experiment will
achieve a limit of AP ~ 1073, which corresponds to
the limit of Alm & ~ 6 x 1073 [1].

The E246 experiment employs the Superconducting
Toroidal Spectrometer located at the low-momentum
beam channel K5 at the KEK-PS. Stopped kaons are
used in this experiment. A schematic view of the ex-
perimental setup is shown in Fig. 1. A kaon beam
of 660 MeV/c momentum is selected by a Fitch-type
Cherenkov counter, slowed down by a momentum de-
grader and then stopped in an active target made of

a bundle of scintillating fibers and located at the cen-
ter of the magnet. The decay p* from the K3 in the
target is momentum-analyzed by one of the 12 mag-
net gaps and stopped in a polarimeter in which the
decay positron asymmetry is measured to deduce Pr.
The momentum vector of n° is determined by a =
detector, which comprises 768 Csl (T1) crystals. The
¥ direction is reconstructed from the energies and di-
rections of the two gamma rays of n° — 2v decay.
The transverse polarization of muons is determined
by the polarimeter, which is located at the exit of a gap
(Fig. 2). A muon stops and decays in muon stoppers
made of a stack of 99.99% pure aluminum plates. A
positron from the decay of = —e v, i, is emitted
with the following angular and time distribution:

f(b.t)y =Ny e_’n"{l + %Pp cos 0},

where the decay constant (/) is 1/2.2ps~! and 0 is
the positron emission angle relative to the muon spin
direction. It means that the positron tends to be emitted
in the same direction as the muon spin. Our interest is
in measuring a possible tiny transverse component of
the polarization in the presence of large T-conserving
polarization components. The counters for detecting
the decay positrons are located at both sides of the
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Fig. 2. Schematic structure of the muon polarimeter: The transverse
polarization of muons, which should be directed normal to the
median plane, is determined. The signal from the scintillator behind
the degrader is regarded as p*t enters the polarimeter. A positron
is detected as a triple-coincidence of three scintillators of A, B
and C.

median plane, as shown in Fig. 2. With this setup, Pt
1s extracted as

LN Mg
T a N+ NS

where N, Ny are the counts in the positron counters
on the left- and right-hand sides, respectively. The an-
alyzing power « incorporates the precession of muon
spin vector around the magnetic-field vector. The field
for this muon spin rotation (LSR)) is essentially a fring-
ing field of the toroidal magnet, and it was designed
to be symmetrical across the median plane in order
to make this method valid. Fig. 3 shows the flux dis-
tribution of the inhomogeneous field on the stopper,
together with magnet pole and iron shims.

The symmetry of the field distribution is also essen-
tial from the following consideration. In K3 decay, the
polarization component lying in the decay plane (in-
plane component) is almost unity. Due to precession,
the in-plane component can be oriented to a positron
counter, namely the Pr direction. However, the spuri-
ous effect from this rotation can be cancelled out after
integration over the decay time and over the stopper
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Fig. 3. Flux distribution on the stopper with poles and shims: The
field for uSR was designed to be symmetrical across the median
plane. The flux distribution is inhomogeneous.

volume, as long as the symmetry of the muon-stopping
distribution and the symmetry of the field distribution
across the median plane are assured. The symmetry of
the muon-stopping distribution can be ensured from
the tracking of muons with multi-wire proportional
chambers. The field symmetry at an excitation of B =
0.9T is primarily determined by the pole alignment.
Also, trimming plates (shims) were installed to guar-
antee the symmetry of the field including the contri-
bution from coils. These plates are made of pure Fe
with high permeability and positioned accurately rel-
ative to the pole, as shown in Figs. 2 and 3.

The depolarization due to some impurity in
aluminum muon stoppers was checked by a uSR
experiment with fully polarized muons at the meson
science laboratory of University of Tokyo. No relax-
ation of the polarization was detected in our stopper
with a purity of 99.99% aluminum. The performance
of each detector was described in an earlier report [2].

1.2. Requirements for the field distribution
and field mapping

The asymmetry of uSR field flux distribution might
cause a systematic error in the Pp measurement.
The earth field and the field flux from unexpected
magnetized materials around the polarimeter might
induce an asymmetric field. These stray fields are on
the level of 0.1 G. Since the pSR field, itself, has
a strength in the range between 100 and 300G on
the muon stopper, the stray field makes a relatively
negligible perturbation. However, high-precision
field mapping was necessary for confirming the
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symmetry of the real uSR field and for estimat-
ing any systematic error due to the field structure.
Taking into account the stopping distribution of
muons, it was determined that field measurements
with an accuracy of 0.5mm for position, 0.5G
for the ficld component and better than 1077 rad
for a coordinate determination were warranted. To
attain these precisions, the following items were
required.

(1) High-precision positioning of a measured point:

— The limit in the accuracy of a measurement
device assembly is about 0.1 mm.

— An installation method of the device to the
toroidal magnet should be developed by con-
sidering the various effects of gravitation at 12
different orientations.

(i1} Mechanism of the measurement to guarantee the
symmetry with respect to the median plane

(iii) Accurate measurement of the three field compo-
nents

{iv) High-speed measurements.

As for the last item, the mapping was to be com-

pleted before installing other detector elements. It

was necessary to finish the measurements in a short

time.

1.3. Problems with Hall-probe measurements

In the present case, a Hall probe is the best tool,
because the pSR field has an inhomogeneous struc-
ture and accurate positioning is required. The Hall-
probe method has been applied for a number of field
mappings in high-energy particle and nuclear-physics
experiments [3—-6]. However, this method has some
limitations. The output voltage of a Hall probe (¥4)
has a temperature dependence. In real use, the room
temperature has to be monitored or carefully con-
trolled. The Hall voltage (V) has non-linear terms to
the field. One is a residual voltage under zero field;
another is the planar Hall effect, which is propor-
tional to the square of the field and has an angular de-
pendence. Therefore, careful calibrations to determine
these non-linear terms is required. As for positioning
and alignment of the probe, there is some ambiguity
in locating the exact center point and mn determining
the angles of the Hall plane relative to the probe. Es-
pecially, for a three-dimensional (3D) measurement
with three individual Hall elements, precise simulta-

neous determinations of orientation and position are

essential.

In order to satisfy the requirements and to over-
come the problems mentioned above, the following
advanced techniques were employed:

(1) 3D Hall probe on a goniometer. A 3D Hall probe
(BH-703, F.W. Bell) with three elements em-
bedded in it was installed in a goniometer head.
The head can be rotated in any direction around
three orthogonal axes. This rotation capability
was valuable for a precise extraction of linear as
well as non-linear term of the field component
{see Section 2).

(1) 3D device of high performance. We developed
a 3D scanning device, in which the goniometer
was mounted. The gontometer on the base plate
can move in three dimensions to any point by
computer control with an accuracy of 0.1 mm.
The alignment of the 3D device employed a laser
positioning system.

(i1} Accurate femperature measurement. For temper-
ature monitoring, three thermocouples were in-
stalled on the 3D Hall probe in the Hall-probe
box. Also the room temperature was kept con-
stant by an airconditioner.

(iv) Careful calibration. In order to determine the
position accurately, the three elements in the
mould were fixed precisely. To fix any misalign-
ment in the orientation of each element and to
understand the linear and non-linear terms in
1, the calibration was done in a homogeneous
field of 1.0T with a general-purpose dipole
magnet.

The principle and advantages of field mapping us-
ing the goniometer is described in Section 2, and the
details of the 3D device and the goniometer system
are given in Section 3. The actual procedure of the,
probe calibration, the measurement and analysis are
presented in Sections 4 and 5, respectively.

2. High-precision field measurement with Hall
elements

The probe output (Vy) from the normal Hall effect
is proportional to the field component normal to the
element plane. It is measured as the induced voltage
of the two sides of the Hall current direction (1), as
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Fig. 4. Definition of the angles.

shown in Fig. 4. The vector, n, is the normal vector to
the plane. B is the magnetic field vector at the point.
For higher fields, ¥y shows a non-linear term due to
the field component parallel to the element plane, as
mentioned before, i.c., the planar Hall effect. Taking
these effects into account, the Hall probe output (V)
1s expressed as

Vi = Vo + GBcos(8 + 8y)
+ PB sin(0 + 6y ) sin2(¢ + o). (1)

where ¥ is the residual voltage at zero field, the
second term is the normal Hall effect with G being
the Hall coefficient, including the Hall current (G =
Iy - ¢), and B is the field value; the third term is the
planar Hall effect with P being the planar Hall coef-
ficient. The angles (0, ¢) are the polar and azimuthal
angles of the field vector, as shown in Fig. 4. The
3D probe (a commercial unit) has an advantage in
practical field mapping in view of (1) compactness
of the probe and (2) time saving of the mapping;
three field components can be measured simultane-
ously in one scan. Ideally, each Hall element (e.g.,
x-element) should be perpendicular to other two ele-
ments (e.g., v- and z-elements). However, there may
be a misalignment of the orientation. 6, ¢ are the
offsets of the element angles, including these misalign-
ments, which should be experimentally determined.
Moreover, if the three elements are embedded in a
mould and cannot be seen from outside, the position-
ing of the element centers and the above-mentioned
determination of the offset angles become more com-

Fig. 5. Definition of the Eulerian angles: The Hall-element frame
(£, #, ). and laboratory frame (x,yv,z), which represents the
coordinate of mapping and the field vector.

plicated and tedious. In the present work, we intro-
duced a new method using a small goniometer head
to overcome these problems. The probe mounted on
the goniometer has not only the ease of angular ad-
justment, but also provides us with the ability to per-
form a measurement with the configuration of a flipped
or 90°-rotated element. The former is, of course, im-
portant in transferring an angular system from the
calibration to the mapping. Also, the latter enables
us
(1) to extract the normal Hall effect, eliminating the
influence of the planar Hall term, and
(i1) to perform rationalized mapping, which guaran-
tees the exact symmetry of the measurement un-
der the condition of a small Hall planar effect.
In the following, these points are discussed in some
detail. The Eulerian angles are defined as the relation
between two orthogonal coordinate systems shown in
Fig. 5. We introduce the Hall probe frame (¢, 1, {) on
which a Hall element is fixed, and laboratory frame
(x, v, z) which represents the coordinate of mapping
and a field vector. These are related by an Eulerian
transformation

x ¢
y = A }1 .
z ¢
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where 4 is a matrix

cosyy siny 0 cos@ 0 —sin0
A=] —siny cosy 0 0 1 0
0 0 1 sinf 0 cosd
cos¢ sin¢g O ay diz 4
x| —sing cos¢p O |=| an an axn
0 0 1 az an  as;

The Eulerian angles (¢, 8 and ¥/) are defined in Fig. 5.
The matrix elements a;; (i, j = 1,3) can be calculated
as follows:

ay] = cos cos ¢ cos  — siny sin ¢,
az) = — sinyy cos ¢ cos 0 — cos Y sin ¢,
as) = cos ¢ sin 8,

a2 = cos i sin ¢ cos 8 + siny cos ¢,
ay = — siny sin ¢ cos 8 + cos ¥ cos ¢,
az; =sin ¢ sin b,

a)3 = — cos i sin 6,

ary = sin Y sin 6,

a3y = cos 0.

Below, the main features of the goniometer method
are described using the Eulerian angles of the element.

We now look at the z-element, whose normal vector
(n) and current vector (1) are fixed to the {- and £-axis,
respectively. They can be expressed in the laboratory
frame as

\ aip
nip=A <0> = <azz>.
1 ass
1 ay
ILab:A'1<0> I(a31>.
0 [7%))

The Hall voltage can be expressed as:

Vu=¢ nLap - (B X ILgp) + Ven

ayB: — an B,
= ¢ (a13,a23,a33) <a3lB.r - allB:> + Pu
alle ‘QEIB,\'

=g{ap(anB: —anB,)+ anlan By — a,B-)
+as(an By —anBo)} + ey
= g{ai3By + anB, + a3 B} + Fu,

where the offset ¥ was already subtracted and Fpy is
the voltage due to the planar Hall effect.

In our goniometer method, the terms of B, B, and
Vpu can be canceled out by a set of measurements with
rotations of the goniometer head. The Hall voltages
(V2, V3, 1118 and 1;37°) after rotations of (i + 0%),
(W +90°), (Y + 180°) and ( -+ 270°) are written as

Vi =g{auB, + anB, + anB.} + Von, 2)
Vi’ =g {asBe — ai3By + assB:} — Vou, )
WY =g{-anB —anBy +anB:} + hu. (4
W =g{~anB, +a;B, +anB.} — Veu. (3)

In all of these measurements (Eqs. (2)—(5)), the 5.

contribution is the same in both sign and magnitude.
Thus,

B.= (V) + B 1 + vi7%/4g - ass,
and
Ve =(Hi — T+ W™ = 70)/4.

Although a3 = cos 6 (which is =1 to the first-order)
has to be determined from a calibration to obtain an
exact absolute value of B;, the way of deducing B.
cancels out the ambiguity of the offset angle of ¥y and
guarantees the symmetry of the measurement. This is
an essential point in a high-precision measurement for
the experiment. Similarly, B, and B, are obtained.

In the cases where Jpy is negligibly small, or it
is extracted from a calibration measurement, we may
carry out a rationalized method to save time. In this
method we run four measurements with (6,4, (6. +
180°), (8 + 180°, ) and (8 + 180°, ¢ + 180°). Here,
not only B., but also B, and B, can be extracted from
the four measurements as

B, = (K + 120, )29 - a¥,
B, = (K + V¥, /2 - &l
B. = (V0 + V2180 )29 - s,

where a};"" = cos gy, - are the offsets or misalign-
ment 6y <1 of each element and the suffix means ¥4
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from the corresponding element. In this measurement,
symmetry across the median plane is assured. Further-
more, ¥, can be extracted as follows:

0= :(Vl-(l)o + VHlso.o + Vl?,lso n V}:SO,ISO):/4 i
(6)

where Fpy is the mean value of the planar Hall term
over all measured points.

3. Field mapping device
3.1. 3D device

A three-dimensional device (3D device) for field
mapping was newly developed (Fig. 6(a)). Itis a com-
pact box-type device, very small in size compared to
the magnet, and mounted to the magnet gaps with
12 different orientations (Fig. 6(b)). The frame has
to have sufficient rigidity for all of these orientations,
and should not sag in any direction. The total struc-
ture was made entirely using non-magnetic materials.
A nest structure was employed to keep a high scanning
speed and to make the directional gravitation effect
small. The goniometer base plate can move along the
z-direction in the z-frame, on three Al slide shafts with
a MoS; coating with plastic bearings. The z-frame can
move along the y-direction in the y-frame on four
similar slide shafts. Finally, the x-frame can be moved
along the x-direction in the main frame, on four Al
shafts with a Ti coating with oil-free metal bushes.
All of the movements were driven by pulsed motors
using timing belts and pulleys. The goniometer base
plate can thus be moved in all three dimensions, and
can be located at any point with an accuracy of better
than 0.1 mm by means of linear scales of the optical
type. The readout accuracy of the linear scales was
10 um. A continuous feedback of linear scale read-
ing and sending pulses to stepping motors was made
to keep the position precisely. The first scanning loop
was the z-direction, because the load for the z-drive
was smallest and its scanning speed could be much
higher than those of other directions. To avoid disturb-
ing the field to be measured, the three motors were lo-
cated far from the mapping region. Also, linear scales
were of the non-magnetic type. For each value of x,
scanning in y- and z-direction was done on the to and

from travels of the frames. To reduce the friction of
the spline shaft of the y-frame, a spray-type lubricant
of MoS; was periodically used. The main parameters
of the 3D device are listed in Table 1. In this table, the
speed does not include the time for the digital volt-
meter (DVM) reading. It took 2.3 s/point on the aver-
age to get positioned and to obtain the output voltages
by the DVM. The DVM with a GPIB interface had a
scanner card, which was connected to 7 outputs from
the Hall-probe box. The control system is shown in
Fig. 7.

3.2. Probe and goniometer head

The Hall probe is shown in Fig. 8. Its specifica-
tions are listed in Table 2. The Hall-probe temperature
was measured with three copper-constantan thermo-
couples attached to three different points in the small
aluminum box. Constantan is an alloy of Ni (40-45%)
and Cu (60-55%) and has a very small temperature
cocflicient of resistance. To prevent any heat leakage,
we use a wire having a thickness of 50 pm. Each ther-
mocouple was insulated from the Hall probe with a
Mylar sheet. The accuracy of its machining is better
than 0.1 mm so that the position of any Hall element
can be calculated easily. The box was mounted tightly
in the goniometer, which was commercially available
and generally used for the optics experiments. The go-
niometer mounted on the base plate of the 3D device
is shown in Fig. 9, the head of the goniometer could be
oriented to any direction. The goniometer was made
entirely from aluminum according to a special order
to avoid distorting the magnetic flux. The Hall-probe
housing is shown in Fig. 10, and the parameters of the
goniometer system are summarized in Table 3.

3.3. Mounting on the magnet

The 3D device was mounted to the exit of each
magnet gap of the toroidal spectrometer with an alu-
minum base plate for fine alignment (Fig. 11). Before
starting the field measurement, the position adjustment
was done carefully. The distortion of the 3D device,
itself, was corrected by a laser-positioning system af-
ter a fine alignment. The scheme of the laser-beam
alignment is shown in Fig. 12, The system was located
on the median plane of each sector. By using the two
collimators with a 0.5 mm diameter and a thickness of
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Fig. 6. 3D device: (a) A nest structure was employed to achieve high scanning speeds and to make the directional gravitation effect small.
The goniometer base plate can move along the z-direction in the z-frame. (b) 3D device mounted on a gap: The installation method was
developed by considering the various effects of the gravitation at 12 different orientations.
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Table 1
Main parameters of the 3D device

251

Attachment angle to the magnet: (30 x n) degrees (n=1,12)

Material: completely non-magnetic

Size of frame
Range of scanning
Weight

Driving mechanism

Motor
Torque

Transmission
Slide shaft
Bearing

Speed
Positioning precision

x
1512 mm
1000 mm
100kg

Stepping motor
12kgem

@ 8.4kpps
Timing belts

4 x ¢40 Alrod
(Ti-coated)
Oil-free metal bush
2mmy/s

0.1 mm

Position measurement: non-magnetic optical linear scale

Accuracy: 10um

3
1060 mm
480 mm
S5kg

Stepping motor
17kgem

@ 6.7kpps
Timing belts
and spline shaft
4 x ¢32 Alrod
(MoS;-coated)
Plastics bush

2 mm/s

0.1 mm

z

580 mm
685 mm
4kg

Stepping motor
l.4kgem

@ 10.5kpps
Timing belts

3 X ¢20 Alrod
(MoS>-coated)
Plastics bush
9.2mm/s

0.1 mm

P

y

3D device

Pulse Motor

UPK596H-NBC

x |Linear Scale
AT111-1100

PulseMotor

—
PulseMotorDrivers

-]

PulseMotor

. UPD566TG30-8
Linear Scale
ATl

. UPK569H-NBC
Linear Scale
ATI12-520 ! |

Linear Scale Counter
Mitsutoyo KM13G

2-720

Hall probe
BH703

Thermocouples

(
[}
[}
[}
1
]
1
i
|
i
13
-4
1
I
[}
1
1
e?

shunt

scanner
GPIB

Current
Source

GPIB extender
BP 37204
BNC

GPIB extender
HP 37204

GPIB board
Interface

PulseMotorDriverinterface
CONTEC PMC-4(98)H

DAQ (PC98)

Fig. 7. Field measurement system: Each frame has edge sensors at both edges connected to the driver interface as interlock switches.
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Table 2
Specification of the Hall probe:BH-703(F.W.BELL)

Zero field residual voltage Wt

(B=10), . =100mA 100 uV maximum
Angularity Hall plates, perpendicular within £2°
Control current
(a) Nominal 100 mA
(b) Max continuous 300 mA
Input and output resistance, B =0 3 (2 maximum
Magnetic sensitivity 7.5mV/kG £ 20 %
Temperature dependance
(a) Of Hall voltage —0.04%,/°C max.
(b) Of resistance +0.15%/°C approx.
(¢} Zero field residual voltage 0.5uV/°C max.
Operating temperature range —40°C to +100°C
Table 3
Main parameters of the goniometer system
Range of rotation ¢ =0-360°
)=0-360"
W =0-360°
Accuracy of setting Ap=AY=0.1°
(reading accuracy) Al=4 x 10" *rad (by micrometer)
Inner diameter of the holder D=30mm¢
Height of rotation center from the base plate H =160 mm
Material Al

Hall probe BH-703

19.25
7.20mm
[ B
=) i -
7] t
3 / H 3
[

/-\4 1275
8 leads

3 Hali elements

Fig. 8. Schematic diagram of Hall probe device: The position and
orientation of each Hall element are not seen from outside. The
leads consist of Fe(+, —), Fi(+.—), F-(+.—) and /y(+.—). The
dimensions are in mm.

Fig. 9. Goniometer mounted on a 3D device
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thermocouples

isolation Box IHaII probe

3
U mm

T 4230

leads

Hall probe box spacers 515

239
317

(a) (b)

Fig. 10. (a) Cross section of the Hall-probe housing: The Hall
probe was fixed tightly and adjusted with some 0.1 mm thick
spacers both vertically and horizontally. (b) Top view of Hall
probe housing: Hall-probe box position along the central axis of
the isolation box was adjusted with spacers with an accuracy of
0.1 mm. Plastic screws were used.

Al base plate

Hall probe box

i

Hall probe,
@ , thermocouples

goniometer

Fig. 11. Setup of field measurement: Relative positions can be
calculated with an accuracy of 0.1 mm. All parts were made of
non-magnetic material.
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Fig. 12. Schematic view of the laser positioning system: The laser
beam was parallel to the reference z-axis. The beam was detected
by a phototransistor just behind the collimator 3.

6.0mm 80cm apart, the laser beam was completely
parallel to the reference z-axis of the toroidal spec-
trometer. The beam was detected by a phototransistor
(TS604-3F, TOSHIBA) just behind the third collima-
tor with a diameter of 1.0 mm. The phototransistor and
the third collimator were fixed accurately on the go-
niometer base plate. The output voltage of the photo-
transistor was measured by DVM. The phototransistor
and the third collimator system were scanned in the
x~ and y-direction over about 1 cm in 9 scanning ar-
eas. Measurements were made at 3 points on each axis
of A-A, B-B and C-C shown in Fig. 12. The max-
imum distance along the z-direction was 670 mm. In
this way, not only the spacial offset of the 3D device,
but also its distortion due to gravity, were obtained.

The typical spectra of the output voltage of the pho-
totransistor is shown in Fig. 13, The side peaks are
due to the Fraunhoffer diffraction. The observed peak
position were not affected by a small displacement of
the laser pointer light source. The laser system has
an accuracy of about 0.1 mm after fitting. Good re-
producibility of the peak position could be confirmed
even after repeated mounting and dismounting of the
collimators. Regarding the z-direction, the reference
position was defined by touching the edge of the spec-
trometer shim plates with a positioning pin.

In order to simplify the angular relation between
the Hall elements and the 3D device, the orientation
of the goniometer head, including the Hall probe, was
fixed so that the normal vector of the y-element was
completely parallel to the y-axis of the 3D device.
The last remaining ambiguity of the angle around the
y-axis was removed by setting so that the normal
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Fig. 13. Typical spectra of the output voltage of the phototransistor
as a function of the X, Y position: The peak point and its width
were obtained by fitting with an accuracy of 0.1 mm. The side
peaks are due to the Fraunhoffer diffraction.

vector of z-element lies completely in the y—z plane of
the 3D device. In this condition, the z-normal vector
must be the nearest to the z-axis.

4. Hall-probe calibration

Before the measurement, the following Hall-probe
calibrations were performed: (1) determination of
temperature coefficient, (2) determination of the po-
sition of three Hall elements in the Hall-probe mould
with an accuracy of ~0.1 mm, (3) determination of
the orientation of each Hall element in the mould with
an accuracy of ~0.2°, and (4) the ¥; — B calibration.

4.1. Temperature dependence

A measurement of the temperature coeflicient of ¥
was carried out using a permanent dipole magnet with
a1.2kG of field ina 15 ¢cm gap between 40 cm x 30 cm
pole faces. The setup is shown in Fig. 14. In the Hall-
probe box, the Hall probe and three thermocouples
were fixed tightly to the base plate of the box. The sup-
plied current to the Hall probe was 100 mA, the same
as in a real measurement. The instability of the cur-
rent caused fluctuations of ¥, a source of error in the
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Fig. {4, Setup of the temperature-dependence measurement: The
DVM had a scanner card connected to 7 outputs (5, Fi, 12, 7).
7>, T3 and /).

measurement. A shunt register of 1.0 2 was used as
a current monitor for the correction of }4. Generally,
a thermocouple needs a reference temperature, e.g.,
0°C. In this measurement, however, three compen-
sators were used to provide the reference temperature
electrically.

The temperature of the probe was not controlled,
but just followed the ambient temperature. The
measurement was performed for about 45h. The
average measurement time for one point is 11s. In
order to avoid any rapid changes in the temperature,
the volume in the gap was covered with an isolating
material.

The Vy decreases with temperature, as shown in
Fig. 15. From this plot, temperature coefficient was
extracted to be about —0.031%,°C in good agreement
with the manufacture’s specification. The accuracy of
temperature measurement is about £=0.3°C, and this
spread of point is due to the current instability.

4.2. Hall-element position calibration

Three Hall elements were embedded in a mono-
lithic mould, as shown in Fig. 8, and the position of
the element could not be seen from outside. The posi-
tion had to be fixed with respect to the Hall probe box.
To do this calibration, the setup of permanent magnets
with two iron pins, which generated a very sharp and
narrow field shape, was used (Fig. 16). We used §
pieces of 12.1kG permanent magnets of NEOMAX-
35 of Nd,Fe 4B with a dimension of 10 x 5 x 3 mm?.
The Hall-probe box was scanned around the pins
where the field was enlarged. About 50 points were
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Fig. 15. Temperature dependence of the Hail coefficient (¥y//y)
as a function of the temperature: The temperature coefticient was
extracted to be —0.031%/°C. This has a good agreement with the
specification.

measured. The 4 was monitored and had the maxi-
mum value when the element was just above the apex
of the cone. Fig. 17(a) is a plot of ¥ of the normal
element as a function of horizontal (y,z) position
shown in Fig. 16(a). The maximum field strength
was about 4.5 kG, approximately in the mid-plane of
the two pins. After the fitting by spline curves of a
convexity, as shown in Fig. 17(b), the peak position,
which could be identified as the center of the element,
was obtained with an accuracy of better than 0.1 mm.
The principal source of error was in reading the scale
of the scanning system. The height of the element was
extracted from the zero-crossing point corrected for
Vo in the x, v scan (Fig. 17(c)). In this case, the orien-
tation of the Hall-probe box of Fig. 16(b) was used.
In order to obtain the position of all three elements,
the measurement was carried out in three different
box orientations (Fig. 16). The positions obtained and
corrected by the offset values are listed in Table 4.

4.3. Hall-voltage calibration and determination
of the Hall-plane angles

In a small magnetic field, the planar Hall effect is
very small compared to the normal Hall effect. For

Fig. 16. Setup for fixing the position of each element: The
Hall-probe box can move along the two directions (shaded arrows)
in a small permanent-magnet frame. In order to obtain the ele-
ment position, the measurement was carried out in three different
box orientations.

the E246 experiment also, the relevant field in the
polarimeter is less than 300 G, and, thus, the normal
Hall effect dominates. However, through an analysis
of the planar effect, angular corrections can be deter-
mined [3-6].

There may be misalignments of the Hall-element
orientation. According to the specification, this angu-
lar ambiguity should be less than 2°. In order to ob-
tain the exact angle of each Hall element, a calibration
measurement was made using a sufficiently homoge-
neous field of 1.0 T, which was generated by a H-type
magnet. In this calibration, not only the angle infor-
mation, but also ¥} and the Hall coefficients, were ob-
tained.

With the goniometer, the Hall probe can be rotated
in any direction in the magnet gap. The three output
voltages (},V, and I2) were recorded for any possible
combination of three angles (¢, 8,).

The field strength (B) was monitored by an NMR
probe. V. is, for example, expressed as

V.= Vy + GBcos(0 + 8y)
+ PB? sin®(0 + 8y) sin 204 + )

using the definition in Fig. 4. Fig. 18 shows the out-
put voltages of the Hall probe. When ¢ and y were
fixed, the normal Hall effect was seen as a function
of O (Fig. 18(a)). The four regions of # where If's
have maximum, minimum and zero-cross were mea-
sured in fine step. The planar term was obtained as
a function of ¥ (Fig. 18(¢)), under the condition of
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(b

Fig. 17. (a) Fy as a function of the horizontal position(raw data). (b) }4; as a function of the horizontal position(fit by spline curve): The
field strength at the maximum was about 4.5kG on the approximately mid-plane of the two pins. (¢) ¥4 as a function of the horizontal
and vertical position: ¥y did not show a peak, but has a slope crossing zero as a function of the horizontal position. The center of the
element was identified as the peak in (b) and the height on the zero-crossing point,

Table 4

Position of each element in the mould

Element Relative position (mm) Error
X (4.6, 3.5, 10.3) 0.1
Y (5.2, 3.6, 9.9) 0.1
Z (4.0, 1.2. 9.0) 0.1
Ref. point (0.0, 0.0, 0.0)

(p=0, 0+ 0y =90°). The output voltage in the con-
dition that planar Hall effect dominated was decom-
posed to each effect by fitting as shown in Fig. 18(c).
A sine curve with a period of 180° corresponds to the
planar effect. Another sine curve shows the normal
Hall effect. During a measurement in which the three
angles (@, 0,y) varied individually, not only JZ, but
also ¥; and V), were recorded. For the z-element, for
example, the Eulerian angles of n;, Iy- and three Hall
effect parameters were obtained for a field of 100G

by fitting of about 40 points to be

0
n-=A(py=1.0°0,=1975°){ 0 |,
1

Tz = Ao = 1.0°, 0y =197.5%,

1
Yo=-719°-7] 0 |,
0

Vh-=—3494 0.0l uV,
G- = (9.5042 - 0.00019) pV/G
P-=(8.5662 4- 0.0570) x 10~° uV/G*,

where ¢o. 0y and Yy are offset angles of the goniometer
including misalignment. Fig. 18(b) shows a linearity
of the normal Hall effect. It was found that there was
sufficiently small fluctuation compared with that of
the NMR monitor. In this plot, the Hall element had
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an angle of cos#=10.6. Fig. 18(d) shows the field
dependence of planar Hall effect, PB*. ¥, and GB at

1NN e R .| o 4 R (PR 1 P T, - fad
1UU U 10T €acn CICmicnt were onldined witil an €rror ol

2 uV. Also, the misalignment in angle was detected

to be ~1° with an error of 0.2°. The error was maln_lv

due to reading the scale of the goniometer. The results
for the x- and v-elements were similar.

5. Measurement and analysis

Measurements were made for all 12 sectors. As a
reproducibility test, the measurements for one sector
P PRI A R R Ml

WCEIC ICpCdLCu, dl'l(l LIlC ICbullb were satisractory. 1ne

measured region was (0 <x < 1000mm, 0 < y
480mm, 0 < z < 685mm), as shown in Fm 6(9)
It covers the stopper region completely and has an
overlap with an adjacent magnet sector.

In the mapping, the following 10 data were recorded

through GPIB into a computer (x, y,z, V., V. V.. Ty, T,
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T3.1y). Here, x, v and z are the coordinates of the
position supplied by linear-scale controllers as digital
signals; V¢, ¥, and V. are the output voltages from the
three elements. 7\, T> and T3 are the temperatures of
Hall probe monitored by three thermocouples in the
box. The temperature of the probe was not controlled,
but followed the ambient temperature of the room,

whose temmnerature wag stahilized to +1° T]no averaoe
WIOSC WITIPOTAUlIT Was SswaonlZel 0 T 1T aveldge

of three temperatures was used as the Hall—probe tem-
perature. [y, is a Hall current of 100 mA. The stability
of Iy was monitored by a shunt voltage recorded with
a DVM. The raw data of ¥, ¥, and J. were divided
by /iy and then corrected for any temperature change
and offset by J;. giving final data of V3, I3 and F25.

An NMR probe continuously monitored the field
magnitude at the center of magnet gap. The toroidal

aenectrometer hac no sionific t hyeteresis an on
SPLLLTVIICICT 1las 1O o;5uun»u1u u_you.n\.olo ala gUua

field reproducibility of better than 1073 between the
supplied current and the field magnitude.

Several measurements were performed, as listed in
Table 5. For the purposes of calibrations, the mea-
surements by method (A) were optimized in order
to determine the matrix elements, a;; (i./=1.3),
in an effective way. The measurement was done in
the 4 conditions of (0 + 8y, ¢ + 1) =(0°, 0°), (0°,

180°). (180° ﬁo\ and llQﬂo lQﬂO\ As was di

). (180°, and . As was dis-
cussed in Section 2, the combmatlon of two sets of
measurements out of four #4’s could cancel two other
uninteresting components and the symmetry of the
measurement was confirmed. At the same time, the
fluctuation of ¥ was checked. Except for method (A),
the goniometer head angles were fixed accurately and
tightly, as described in the following. For the practi-
cal reason of the mapping time, a real field map was

constructed by method (B)Y. whi

which ~cove tha miion
UILIDLL UL vyl UJ 1livuiug \l_)]7 YWWILHIVLIL VUV

stopper region. Method (C') was used for a test of the
continuity with an adjacent sector in the overlap re-
gion. The region of (D) was included in (B), but had
a fine step size. In this region, the muon stop position
distribution in the muon stopper is dense according to
a Monte-Carlo simulation. The region where the field
gradient is large was measured with a fine step by the
menu (E). Method (F) was used for testing the field
far

trv in a laree x region. In a region from
QJIIIIII\/ l)’ 111 a lcl 5\4 A ElUll. lll (<% l\aél 11 1alr 11v

the poles and the shims, the field symmetry might be
affected by magnetized material, e.g.. the support and
jig of the spectrometer and refrigerator system. All
menus were done within a few days per gap.
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Table §

Types of measurements

Method Purpose or comments x-region y-region z-region Step Time

(mm) (mm) (mm) (mm) (h)

(A) Goniometer head rotation 400 160 620 40 10
and check of calibration

(B) Mapping 660 180 300 20 9

(C) Overlap region 225 50 400 50 2
with adjacent sectors

(D) The region where muon const. 185 620 10 2
stop distribution is dense

(E} The region where 700 185 const. 10 6
field gradient is large

(F) x-outer edge const. 185 620 10 2

Fig. 19. Field vector projected to y— plane: « is the angle between
B,- and y-axis. B,- is the projected field vector to y—z plane.
B is the real z-component to be determined. B. is the measured
z-component. () is the calibrated mis-alignment angle of z-element
with respect to the z-axis.

For the measurements (B), (C) and (D), the field
components were extracted as follows. When the 3D
device is perfectly aligned to the toroidal magnet as
was described in Section 3.3, B, is just };3 multiplied
by G,. To see this, let us suppose that % is the angle
between B,. and y-axis, as shown in Fig. 19, where
B, isa préjected field vector to the y—z plane:

B
— = tan o,

B,

B = /Bl + B:.

With the measured z-component, B.,
Bl = B,-sin(2 + 0),

where 0 is the calibrated misalignment angle of
z-element with respect to z-axis. From the above
equations, % can be written in terms of (R, (), as
follows:

R —si B! i
sin ¢ WhereRE__,:51n(oc—1~6))~

tan ot =
osf g cos o

Therefore, the field components B, and B. are ex-
pressed by

By = G, Va,

G, V. B,
B. = ("—"3—sin0>- -

- B, cos

For B,, another plane, y, was introduced analogous
to that of B., as seen in Fig. 20. B/ is the measured
x-component direction, i.e. the normal vector of x-
clement. Unlike B!, B! is not always on 7 plane
but has misalignment angles & ~1° and & in po-
lar and azimuthal angles. ¢’ defined as the angle
of B, with respect to B,. is fixed by &, & and
o. Then, B! is introduced with a misalignment
angle (¢) of 90° — ¢’, and B! can be regarded
as B., because the difference (B — B.)/B. is less
than 107* for ¢ ~1°. The difference is negligi-

ble for our case of B,/,/B2 + B2 <107°. As B, =
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y

Fig. 20. Plane introduced to extract the By component: the y-plane
includes the x-axis and B. BY is not always on the y plane, but has
mis-alignment angles (&) of =~ 1° and ¢; in polar and azimuthal
angles. ¢’ defined as the angle of B, with respect to B, is fixed
by ¢;. & and «

R” is introduced with a muahnnmsnr angle (¢)

of 90° — ¢'. and B/ can be regarded as B, because the difference
(B! — B.)/B" is less than 10~% for & ~1°.

tan f} - B, By is expressed as

The second-order terms of B, B, and B:, from the
planar Hall effect, can be neglected, because the field
strength is less than 300G and the normal Hall ef-
fect is dominant. In an actual ineasurement, there was
a misalignment of the 3D device with respect to the
toroidal magnet. This misalignment could be detected
by the laser-positioning system, and this was corrected
by a small rotation of the 3D device due to a tilt
or distortion. The correction was the transformation
from the measured orthogonal coordinate to the real
orthogonal one. The order of matrices of the rota-
tions was not important, because the rotation is very

small.

Silla

The analysis was done with the corrections affected
for

(1) temperature dependence, (2) orientation and po-
sition of each Hall element, and (3) self-distortion of
3D device. Finally, self-consistency was checked by
some data set described in Table 5.

Fig. 21 shows the self-distortion of the 3D device
when it was mounted at one sector. Ax in Fig. 21(a)
is the shift along the x-direction, which was mea-
sured by the laser-positioning system. With the help

of fits of the Fig. 13 data, it was possible to determine
Ax to a precision of better than 0.1 mm. Fig. 21(c)
shows the distorted shape of the 3D device as solid
lines. The ideal plane is expressed by dotted lines.
Ay in Fig. 21(b) means a shift in y-direction. Fig.

7]{11\ is a schematic nvnlonah n  From pu‘r 21(d)

21d schematic explanation. From 21(d),
it was found that Ay was due to a tilt by a small
rotation of the 3D device. This kind of deformation
is different from gap to gap. Thus, an analysis was
carried out for all 12 gaps. With the data set for all
sectors, the transformation from linear scale reading
to the real position for any point was obtained. In-
wrpuxauuu Uy a second-order pur_yuOuuar was used
to determine the positions and ficlds as the points
that were not measured. Table 6 summarizes the po-
sitioning precision of each component, and also the
methods employed to attain them. The accuracy of
relative position of Hall element to the goniometer
base plate was calculated to be 0.2 mm. For the go-
niometer base piate and the toroidal magnet, its ac-
curacy is better than 0.2 mm. The resolution corre-

sponds to an accura

1073 rad for a typical dlstance of 300 mm in the laser
positioning.

As mentioned in Section 2, ¥, of each Hall ele-
ment was obtained by rotating the goniometer head
at all measured points using Eq. (6). This means that
Vo was measured at about 600 points in one sector.
[‘lg LL b[lUWb l[lC dVCr&ge (rOUl mean bquarC) VO Ol lflC

z-element versus the sector number. Over all sectors,
Vo was almost constant and had small fluctuation of
about 1 pV, which corresponds to 0.1 G, In a field of
100 G, the error of ¥ is dominant compared to that
of GB, and Vpy is the level of 1077 relative to the
field strength. It corresponds to the order of 0.01 pV.
Thus, from Fig. 22, it was found that measurements

of the voltage were carried out precisely enough with

1 rientation on the order of
Y il OriCIHalion on uie OIGll Of

a prec 1icion of 0 1 G (ropt-mean canare of each oan ig
a precision o1 vl 5 (rodt-mean square o1 €acn gap 1s

0.07 G). A measurement scanning more points would
give a smaller error. This could induce the error of
the order of 107 3rad in the orientation of a field
vector of 100G. Fig. 23 describes the magnitude of
the polarimeter field in the median plane of a sector.
The rectangle corresponds to the muon stopper region.
The muon blUppCI is covered with a field of 120G on
the average. Taking into account the muon stop distri-
bution, almost all muons stop in a field of more than
100 G.
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Fig. 21. (a) Ax of a distorted plane: Ax is a shift along x-direction which was measured by the laser positioning system. (b) Ay of
distorted plane (c¢) and (d) depict the distorted shape of a 3D device with solid lines. The ideal planes are expressed by dotted lines.
Interpolation used curves of the second-order.

Table 6
Position accuracy of each part

Relation Accuracy (mm) Method
Hall element position — probe box 0.1 Fitting
Probe box — isolation box 0.1 Machining
Isolation box - goniometer 0.1 Machining
Goniometer — base plate on 3D device 0.1 Machining
Hall element — base plate 0.2

Collimator3 - base plate (x, v) 0.1 Machining
Collimator3 — laser beam (x, y) 0.1 Fitting
Laser beam — magnet® 0.1 Machining
Base plate — magnet (=) 0.05 Gap gauge
Base plate — 3D device 0.01 Linear scale
Base plate — magnet <0.2

2 The accuracy of laser beam is given for the muon stopper region.
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Fig. 23. Field magnitude on y = 0 plane: The rectangle corresponds
to the muon stopper region. The muon stopper is covered with a
field of 120G on the average. Taking into account the muon stop
distribution, almost all muons stop in a field of more than 100 G.

6. Conclusions

Inhomogeneous magnetic field mapping in a po-
larimeter for a T-violation experiment using K3 decay
was carried out precisely with new techniques using a
3D Hall probe and a goniometer which are now com-
mercially available. In the polarimeter the symmetry
of the field distribution across the median plane is es-
sential as long as the muon-stopping distribution is
assured: (1) high-precision positioning of a measured
point, (2) mechanism to guarantee the symmetry with
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respect to the median plane, (3) accurate measurement
of the three field components and (4) high-speed op-
eration were required for the field mapping. To sat-
isfy these requirements, a 3D Hall-probe method was
employed, because of its compactness and time sav-
ing. Problems in using a 3D probe were overcome
by (1) the goniometer method, (2) high-performance
3D device, (3) accurate temperature monitor and (4)
careful calibration of the orientations and positions
of the Hall elements in the 3D probe. Using the de-
veloped goniometer system, the 3D Hall probe which
was mounted on the goniometer head could be ro-
tated to any direction around three orthogonal axes.
The method has not only the easiness of angular ad-
justment, but also provides us with the ability to ex-
tract the normal Hall effect, eliminating the influence
of the planar Hall term, and a rationalized mapping
which guarantees exact symmetry of the measurement
under the condition of a small Hall planar effect. The
3D device was developed for a scanning system with
a high-precision position measurement. No significant
problem due to the gravitation occurred at any gap of
12 different orientations. Combined with the laser po-
sitioning system, not only the spacial offset of the 3D
device, but also its distortion, was obtained. The auto-
matic computer control and the small load tor z-drive
allowed us a high-speed mapping. As the Hall probe
calibration, the temperature coeflicient, the position of
three Hall elements in the mould, the orientation of
these elements and the relation of 1y to field were de-
termined. The temperature coeflicient was determined
in a separate measurement using a permanent dipole
magnet. The position of these elements was fixed with
a sharp and narrow field of 4.5kG induced by iron
pins. The orientation and the relation of ¥ to field
were determined by rotation of the goniometer head
in a homogeneous field of 1.0 T and then fitting with a
function including the planar Hall effect. In the mea-
surement, several types of methods were performed.
For a confirmation, ¥, was extracted from the measure-
ment by flipping the goniometer head. It was found
that the }; had a small fluctuation corresponding to
0.07 G for one gap and was constant over 12 gaps. ¥
was consistent with the calibrated 74 value. Total ac-
curacies of < 0.5mm in position, 0.07 G in field and
1073 rad in angle were obtained. The field map made
by the filed measurement has been analyzed and is
being used in an analysis of the experiment.
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