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Abstract - Rotating- and translating coil systems
for magnetic measurement of particle accelerator
magnets rely on induction-coil arrays often built in
printed circuit board technology. For the accurate cal-
culation of field gradients from induced voltages, the
distances between the coils need to be calibrated. In
this paper we present a calibration approach, based
on the operation of the PCB in active mode, i.e., ex-
citing the coils with a small current. The resulting
flux density distribution is scanned with a uni-axial
Hall probe, translated by the stages of a coordinate-
measuring machine (CMM). The proposed calibration
approach does not rely on field absolutes. Geometric
coil distances are computed only from zero crossings
of the measured signal. In this way, a low field sensor
calibration can be avoided and systematic errors are
reduced.

I. INTRODUCTION

Induction coils built in printed circuit board (PCB)
technology are state-of-the-art in magnetic measure-
ments of particle-accelerator magnets. Benefits of this
technology result from automated coil fabrication as
well as from a higher flexibly in shape design, compared
to induction coils made from wires that are wound on a
coil support mandrel. The PCB coils are mounted on
cylindrical shafts and rotated in the magnet bore to in-
duce voltages by Faraday’s law. Integrating the voltage
signal in time yields the flux linked with the coil area.
Thus, knowing the total surface spanned by the coil
windings, one can deduce the average magnetic field
intercepted by the sensor. An effective coil area cali-
bration is usually achieved in a homogeneous reference
magnet, which itself is calibrated with a nuclear mag-
netic resonance (NMR) sensor [1].

The sensitivity factor of a radial coil, with respect to
a quadrupolar field harmonic B,(1;), evaluated at ra-
dius ry, is given by: SZrad = %(r2+r1), where r, and
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Fig. 1. Cross section of a PCB. The picture shows a "bad"
realisation of a multilayer PCB.

r, are the outer and inner coil radii and A is the coil
surface [2]. Therefore the coil’s outer and inner radii
must also be calibrated. Fig. 1 shows the cross sec-
tion of a bad realisation of a PCB, where lateral posi-
tioning errors of up to 100 um between the layers ap-
pear. State-of-the-art PCB technology allows for bet-
ter track positioning with a precision in the ~ 10 pm
range, but the manufacturing of induction-coil arrays
for magnetic field measurement is still a particular ap-
plication for PCB design and requires the examination
and fault detection after production. This is why ac-
curate distance calibration of PCB coil arrays is cru-
cial to enable magnetic measurement in the 10~ range.
In case of the outer coil of the large PCB illustrated in
Fig. 2, 1, + r; = 334 mm. In this case, the error esti-
mation based on Szrad yields a maximum tolerable error
of 30pm, to keep the relative error in B, below 107,

Imperfections of track distances in PCB fabrication can



Fig. 2. Layout of an induction-coil array on a large
printed-circuit board. The designed distance between the
PCB is83.5 mm.

Fig. 3. Design of a stacked translating coil scanner.

be calibrated by rotations in a reference quadrupole,
providing a well known field gradient. Local geome-
try variations are undetectable, however, since the in-
duced voltages are proportional to the entire field inte-
gral. Moreover this approach requires a reference mag-
net, large enough to accommodate the PCB array. Re-
cent demands for large quadrupole-compensated coil
arrays have exceeded the capabilities of the available
reference quadrupoles (see Fig. 2, [3]). As an alternative,
automated optical inspection allows for distance mea-
surement by scanning over the PCB surface optically or
by X-ray. However, these methods are rapidly limited in
terms of machine size and the fact, that only the visible
surface of the PCB can be observed. Often, their utilisa-
tion is comparably expensive.

In addition to rotating coil systems, PCB coil arrays
are used for local field measurement in translating coil
scanners. Fig. 3 illustrates a stacked translating coil
scanner, comprising four coil arrays to measure along
a box-shaped domain boundary. Since these systems
are designed for measurements in large aperture mag-
nets, calibrating the stacking of individual coil arrays
would again require large quadrupole magnets, provid-
ing a well known gradient. For this reason we propose a
novel approach based on the operation of the induction
coils in active mode, exciting them with a small current.
In order to have a good spatial resolution, we make use
of a Hall sensor, translated by a coordinate-measuring

CMM

Fig. 4. Sketch of the measurement setup. A Hall sensor
is translated by a CMM laterally. The coils in the PCB
are powered by a small current. The lateral position x
is measured by the linear encoder of the CMM. The Hall
voltage is acquired as a signal U(x).

machine (CMM) and scan the generated flux density
over the active PCB. A sketch of the measurement setup
is shown in Fig. 4.

Throughout this paper we focus on the feasibility and
design of the experiment. We test the approach using
the PCB coil shown in Fig. 2. Each coil is composed of
twelve tracks on twelve layers, leading to an effective
coil area of ~ 0.2 m? per coil.

II. MEASUREMENT SETUP

To avoid overheating of the PCB, the root mean
squared (RMS) excitation current density must not ex-
ceed Jyms = 1A/mm?. For the track cross section of the
PCBin Fig. 2 this yields a maximum excitation current of
Inc =5mA, when powered in direct current (DC) mode.
In Fig. 6 we plot the simulated magnetic field, generated
with I = 5mA, evaluated laterally, at a vertical position
of y = 0.75mm above the PCB surface. In this config-
uration, the absolute magnetic flux density is below 60
wT. It is possible to increase the field by a pulsed excita-
tion with a maximum current I, of:

Inax > T
(_) - L M

Irmis T,

T, is the pulse duration and T is the waveform period.
Increasing the maximum current by a factor of two, one
must increase the ratio T /7, by four. Thus a compro-
mise between maximum signal and overall measure-
ment duration has to be found. Fig. 5 sketches the ex-
citation current in pulsed mode. At each lateral posi-
tion, the PCB is excited with a positive and negative cur-
rent pulse. This is done for offset cancellation and is ex-
plained in more detail in section iii.. The acquisition is
synchronised to average the Hall voltage over T;per = 50
ms at the flat top of a current pulse. To assign budget
for transient effects at the beginning of each pulse, the
Tper interval is delayed by 30 ms. For the measurements
presented in section iii., we have chosen I,,,,, =25 mA,
T, = 100 ms, yielding T = 2.5 s. A Keysight 34584, 8.5
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Fig. 5. Excitation current pulses at each lateral position.
Subtracting the two Hall voltages acquired over the posi-
tive and negative pulse allows to cancel-out temperature
dependent offset voltages.
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Fig. 6. Simulated flux density over the active PCB. Here
I =5 mA. The field is evaluated in 0.75 mm vertical dis-
tance over the PCB.

digit digital multimeter is used for the acquisition [4].
We make use of the resting time T — T, after each sec-
ond pulse to move the sensor to the next lateral posi-
tion. In this way, the CMM works in static, single axis
positioning mode, unfolding a positioning precision of
2um. To estimate the expected signal and to assign a
budget for systematic errors, magnetic field simulations
are performed. The field scales linearly with I,,,,,, com-
paring to Fig. 6 we thus expect a maximum |B|~ 300uT,
when pulsing the PCB with I, =25 mA.

A Hall probe, suitable for measurements in this field
range is the AS-VTP from Projekt Elektronik [5]. This
sensor has an effective area of 0.02 mm?, a sensitivity of
5000 V/T (with maximum analogue amplification) and
a lowest possible measurement range of £0.2mT. The
sensor characteristics are summarised in Table 1. De-
pendent on the sensor orientation 6 (see Fig. 4), the Hall
voltage is proportional to a linear combination of hori-
zontal (6 = 0) and vertical (6 = 7t/2) magnetic flux den-
sity, B, and B, . Aligning the sensor towards B, allows us
to bring the active area closest to the PCB. For this rea-
son we set 0 ~ 11/2. Asillustrated in Fig. 7, any misalign-
ment in ¢ will introduce an error proportional to B,
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l AS-VvIP |
Min. measurement range +0.2mT
Transfer function 5000V/T
Linearity error <0.5% + 10 pT
Active area 0.02mm?

Typ. peak-peak noise (0-10 2uT
Hz)
Zero drift +2uT/K

Table 1. The AS-VTP is tailored to low field measure-
ments and has an active area of 0.02 mm?. The CMM
stages are equipped with an AS-VTP to sample the field
generated by the pulsed PCB.

Fig. 7. Effect of misalignment with respect to the lateral
flux density distribution B, (x).

which breaks the signal symmetry. Such misalignment
can thus be detected by the difference between the left
and right maximum of B, (x). Since NMR sensors can-
not provide a reference measurement in case of low
magnetic fields, the accurate calibration of Hall probes
under such circumstances is challenging. To avoid er-
rors due to false sensor calibration, we propose an ap-
proach that is independent of field absolutes. Based on
the acquired Hall voltage, we compute the lateral coil
centres X, from left and right zero crossings, denoted
by x; and x,. Having determined x,,, for different coils
of the array, the computation of coil distances is straight
forward. In Fig. 7 we show how misalignment by means
of 6 breaks signal symmetry and affects the positions x;
and x,. However, since x, shifts equally for all the coils
of the array, coil distances are preserved.

III. ZERO CROSSING DETECTION

Neglecting effects of higher order, we can express the
Hall voltage as:

Us(x)=sn(d)- B(x)+ Up(x, T). 2)

s is the sensors linearized field response, n(6) =
(cos(6),sin(6),0)7 is a unit vector pointing normal to the
active area of the Hall sensor (see Fig. 4) and Uy(x, T)



| X Xr
mean | -7.461l mm 9.027 mm
std 3.439pm  3.389 um

Table 2. Repeatability of the zero detection over a single
coil. Mean and standard deviation are computed from 8
measurements.

is an offset voltage, dependent on position x and tem-
perature T. Measuring small magnetic fields, a large
fraction of Uy(x, T) is attributed to the Earth magnetic
and ambient fields due to currents and magnetic ma-
terial in the proximity of the measurement setup. Thus
Uy(x, T) is generally not constant over x. An additional
part of Uy(x, T) is coming from the sensors zero-field
offset voltage, which generally drifts in T'. It is possible
to calibrate Uy(T) and then measure T during the ac-
quisition to estimate U, at measurement position. How-
ever we can simplify things by measuring the Hall volt-
age generated from a positive and negative excitation
current pulse, asillustrated in Fig. 5. Since inverting I,
changes the sign of B, Uy(x, T) vanishes in the differ-
ence:

Ue(x) = 5 (Us(x)—U-(x)) = sn(d)- B(x), 3

1
2
given that U, is equal for U, and U_. Since tempera-
ture changes are slow in time, and positive and neg-
ative current pulses are taken consecutively, the tem-
perature difference between U, and U_ is expected to
be neglectable. Since B, (x) and thus U,(x) changes its
sign twice (see Fig. 6), the coil centre can be computed
from x., = 0.5(x; + x;), where x; and x, are left and
right zero crossings. Fig. 8 illustrates the mean and 3o
standard deviation of the measured Hall voltage, when
pulsing the PCB with a positive and negative current of
|Inax] = 25 mA, according to Fig. 5. Mean and standard
deviation are computed from 10 runs. The signals set-
tle to Uy(x, T') increasing the distance to the PCB. The
temperature close to the Hall element is measured with
a Pt100. This temperature is illustrated for one of the
8 runs, in the bottom plot of Fig. 8. It changes by 0.5
Kwhen scanning over the PCB. However, since positive
and negative current pulses are taken immediately one
after another, the temperature difference between two
pulses is neglectable. We now investigate the zero cross-
ings of U, (x) to determine the lateral positions x; and x;.
In order to decrease the spatial resolution, we linearly
interpolate U,(x) between the measurement positions
in the neighbourhood of the zeros. Fig. 9 shows U_(x)
as well as the left and right interpolation intervals. In
table 2 we summarise mean and standard deviations of
X, and Xx;.
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Fig. 8. Measured Hall voltage and temperature over a sin-
gle coil on the PCB. Top: the signal inverts, when exiting
the PCB with a positive or negative current. Mean and
standard deviation are computed from 10 repetitions.
Bottom: Temperature measured with a Pt100, close to the
Hall element. Whereas the temperature changes by 0.5 K,
variations between positive (blue) and negative (orange)
pulse are neglectable. The probe was moving from x <0
to x > 0. The increase in temperature can be explained
by the absorption of heat, radiated from the active PCB.

IV. DISTANCE CALIBRATION

The zero crossing detection is now applied to to all
the five coils on the PCB. To investigate the repeatabil-
ity in coil distance calibration, we perform 10 runs at the
same longitudinal position. Fig. 10 illustrates U, and U_
for one run over coils A to E. The resulting radial posi-
tions, as well as standard deviations are summarised in
table 3. The designed radial distance between the coils
of the measured PCB is R = 83.5 mm. We now change
thelongitudinal position between the runs. Fig. 11 illus-
trates x, and x; over the length of the PCB. In this way,
local differences to the design can be investigated (see
Fig. 12). To estimate the reproducibility of the calibra-
tion procedure, we fully disassemble and reassemble

Coil | R des. [mm] R meas.[mm] o [um]
A 167 166.992 3.532
B 83.5 83.493 4.168
D 83.5 83.497 2.398
E 167 166.995 4.395

Table 3. Designed (des.) and measured (meas.) radial
position of coil A to E, assuming C is centred at R = 0.
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Fig. 9. Offset corrected Hall voltage U.(x) and zero
crossingintervals. To interpolate between measurements
(here Az = 0.1mm), we fit U.(x) by lines in the neigh-
bourhoods of the zero crossings (orange).
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Fig. 10. Hall voltage acquired over coils A to E, exciting
the PCB with positive (blue) and negative (orange) cur-
rent pulses.
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Fig. 11. Left and right zero crossings for all the five coils
measured over z.
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Fig. 12. Differences between designed and measured coil
radii over the length of the PCB.
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Fig. 13. Differences in coil radii between two calibrations
of the same PCB. In between the measurements, the setup
was fully dissembled and reassembled.

the measurement setup and repeat the measurements
over z. Fig. 13 shows the differences between the two
runs over the longitudinal position. The maximum dif-
ference is 12 ym.

V. CONCLUSION

We have presented a novel approach for the distance
calibration of large PCB coil arrays used in rotating
and translating coil scanners. The coil is powered by a
pulsed current in the mA range. A Hall sensor, mounted
on the stages of a coordinate measurement machine is
shifted laterally over the pulsed PCB. Movement and ac-
quisition are synchronised to obtain voltage samples on
the flat top of the excitation current pulse. The calibra-
tion only relies on the signal zero crossings and is thus
independent of field absolutes and sensor calibration.
Moreover, switching between positive and negative ex-
citation currents cancels out the influence of ambient
fields and temperature dependent zero field offset volt-
ages. In this way, coil distances can be calibrated with
a precision of ~ 20 pm, which is sufficient for large PCB
coil arrays, such as the radial coil (Fig. 2) designed for
[3].
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