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Abstract – Recent compact accelerator developments
for biomedical care and physics research has brought
the need for small-aperture magnets as well as strongly
bent magnet with curvature radii of less than 5 me-
ters. Traditional transducers for magnetic measure-
ments are not mechanically adaptable for local mag-
netic field measurements. In this paper, a new rotat-
ing coil transducer with compact design is proposed
for local, transversal multipole scanning in straight and
curved magnets. The requirements, design, prototyp-
ing, and the results of magnetic and electrical compati-
bility tests are presented.

I. INTRODUCTION
A technical aspect, common to most recent accelerator

projects, are straight and curved magnets with small aper-
tures, resulting in a need for new magnetic measurement
systems for a full characterization of the local, transver-
sal field homogeneity. The majority of the measurement
systems involves the use of specialized and thus not flex-
ible systems. Measurement systems based on Hall probe
transducers [1, 2, 3, 4, 5] are used for measuring mag-
nets with straight aperture or bent magnets with open aper-
tures [5, 6](C- shape magnets). In general, their measure-
ment precision depends strongly on the positioning stabil-
ity, difficult or impossible to be verified in situ, and with
scarce flexibility to the new measurement needs arising
from closed and large curvature magnets.
For integral field investigation and scanning of manufac-
turing defects, the main measurement systems are based
on fixed or rotating coil transducers. At CERN, the main
systems are the Dipole and Quadrupole Industry Mag-
netic Measurement (DIMM and QIMM) [8] and the Fast
Measurement Equipment (FAME) [9]. The QIMM ex-
ploits a traveling rotating coil, called a mole [10], which
is a transducer with 5 sensing coils, used in straight and
large-aperture magnets (50 mm) at room temperature. The
FAME system rotates a long coil shaft for acquiring the
field in superconducting magnets at room or cryogenic
temperatures. A local scan is not possible and only the
integral field is measured; the system can thus not be ap-
plied to curved magnets.
In literature, most common measurement systems for

curved magnets are based on fixed coil transducers. In
[11], an array of printed coils (fluxmeters) measures the
integral field and establishes the tolerance range of mag-
netic field in ramped field conditions. Long curved coil are
presented in [12, 13] for scanning the aperture and evalu-
ating the integral field. Non-local field investigation and
non-fringe field analysis is difficult to carry out. In [14],
a mole for testing curved superconducting magnets in cold
conditions is presented.
The need for a new transducer design is increasing for lo-
cal and fringe field investigation applied to straight- and
curved-aperture magnets (aperture < 50 mm, curvature ra-
dius < 5 m ) with the main requirement of the mechanical
flexibility (cross section < 40 mm, length < 200 mm).
In this paper, a Scanning Rotating Coil Transducer with
low weight and small size compared to the magnet aperture
is proposed. For straight aperture magnet testing, the trans-
ducer allows local and integral measurement. In bent aper-
tures, a local multipole analysis and an optimized fringe
field evaluation can be made for both DC and pulsed (or
ramped) magnets. In the following sections, the require-
ments, the design, and the implementation aspects of the
proposed Transducer are highlighted. Finally, the experi-
mental tests for technical feasibility in terms of magnetic
and electrical compatibility are reported.

II. REQUIREMENTS
The main requirements arise from the need for local and

fringe field measurements and the mechanical flexibility
required by the different magnet apertures and magnet cur-
vatures. The transducer must have small dimension and
light weight for allowing easy motion and low position er-
ror. For local and integral measurements, the best sensor
remains the rotating coil probe: according to recent devel-
opments on printed circuits [15], the coil can actually be
made very compact.
Another important requirement of the transducer is to
know its angular position in order to make possible the lo-
cal multipole analysis in the DC magnets and to fix the
position of coil for pulsed magnet measurements.
The above requirements highlight some technological as-
pects to be considered: magnetic compatibility, mechani-
cal stability of all the components, and low electrical noise.
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Figure 1: Architecture of the Scanning Rotating Coil
Transducer.

Figure 2: Main components of Scanning Rotating Coil
Transducer prototype: A) piezomotor PAD7100 by Noliac,
B) encoder HEDM505-J13 by Avago Technologies, and C)
test coil of 40 × 10 mm, S = 0.12367 m2 and R = 420 Ω.

The magnetic compatibility of components is necessary for
avoiding perturbation of the field throughout the measure-
ment. Consequently, the new transducer should be free of
ferromagnetic and highly conducting parts. In fact, these
materials could generate field errors due to magnetization
and eddy currents, and as a consequence, the occurrence
of vibrations during the measurement. The manufactur-
ing precision is fundamental for having low dimensional
tolerances, and thus low vibration, with consequent low
harmonic distortion in the acquired signal. Moreover, the
electrical noise intrinsic to all the devices is to be con-
trolled for the quality of the data acquisition.

III. TRANSDUCER DEVELOPMENT
In this section, the design and the prototyping of the

Scanning Rotating Coil Transducer are presented.

A. System design
The above mentioned requirements were satisfied by

the architecture shown in Fig. 1. The key is to choose
compact and magnetically compatible components. Non-
magnetic technology, like piezoelectric drives, were inves-
tigated. Optical encoders with plastic code wheels are the
most compact and promise the best technical specifications
(high counts per turn) and angular position. The coils must
be compact, on the order of a few centimeters, and with a
large total surface for acquiring the signal with low noise.

Figure 3: Support with coil shaft and electrical connec-
tion.

B. Prototype manufacture
As a drive system, a piezoelectric motor PAD7100 of

Noliac [16] was adopted (see Fig. 2A). In addition to
piezoelectricity, the main specifications of PAD7100 are
the small physical dimension (diameter 12 mm, length 50
mm), its low weight (41 g), its variable speed of rota-
tion (90 − 180 rpm), and sufficient torque (0.01 Nm). On
the other hand, the presence of ferromagnetic material, in
the screws and steel shaft of steel represents an aspect to
check experimentally. The optical encoder HEDM 5505-
J13 of Avago Technologies [17] (Fig. 2B) has specifica-
tions matching the design goals: non-magnetic material
(plastic code wheel), compact dimension (41 × 30 × 18
mm), and 1024 cycles per revolution. Two coils (Fig.
2C) of dimensions 40 × 10 mm, with a total sensing sur-
face of 0.12367 m2, number of turns 485, and resistances
R = 420 Ω are mounted on the shaft (Fig. 4). However,
the choice of coils depends on the magnetic field strength,
and can be easily adapted. In Fig. 3, the general support
in plastics and the coil connection by slip rings are shown.
Regarding the support structure, the motor is fixed to an-
other base place in order to easily exchange and test other
drive units.

IV. EXPERIMENTAL CHARACTERIZATION TESTS
In the following, the preliminary tests of magnetic com-

patibility and electrical interference of the prototype are
described.

A. Magnetic Compatibility Test
This test is aimed at establishing the perturbation thresh-

old boundary of the transducer. After having checked the
materials of each component, the only element with ferro-
magnetic parts is the piezomotor PAD7100. The test pro-
cedure is to insert the motor unit in an accelerator magnet
(DC field), and to record the field change with an NMR
probe. This test was repeated with different orientations
(Fig. 4) of the motor with respect to the NMR probe, at
increasing field levels (0.4, 0.5, 0.8 T), and with the motor
switched off and on. The objective is to establish the dis-
tance where the perturbation drops below a level of 10−4.
The measurement setup is composed by a NMR Teslame-
ter (Metrolab PT2025 [18]), the dipole reference magnet
MCB22 of the Magnetic Measurement Section at CERN,
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Figure 4: Measurement setup for magnetic compatibility
test: A) motor aligned with NMR probe, and B) motor po-
sitioned laterally to NMR probe.

Figure 5: Magnetic compatibility test: plexiglas support of
the motor and the NMR probe inside the MCB22 reference
dipole.

and the device under test, i.e., the piezomotor PAD7100
(Fig. 5). In the worst case, that is, the test at 0.8 T in
alignment position according to Fig. 4A, the magnetic
field measured by the NMR teslameter without motor is
of 0.800108 T. In Tab.1, the differences of magnetic field
measured by NMR probe with motor (off and on) at dif-
ferent distances is given. Fig. 6 shows the graph of the
relative differences between the magnetic fields measured
with and without motor, and the perturbation reference tol-
erance. The distance identified by the test is 7 cm, for
the presence of ferromagnetic materials inside the motor
to have negligible influence on the field measured.

Table 1: Relative differences of magnetic field between the
reference NMR measurement (without motor) and the ones
with motor (off and on) at 0.8 T and different distances.

d [cm] ∆(mot. off) ∆(mot. on)
3 0.000682 0.000619
4 0.000321 0.000292
5 0.000145 0.000139
6 0.000127 0.000122
7 0.000044 0.000030

Figure 6: Relative variations of magnetic field without and
with motor (off and on) in alignment position.

B. Electrical Interference Test
The measurement setup (shown in Fig. 7) is based

on the prototype (rotating motor, encoder, and rotating
coil shaft), an independent fixed coil (dim. 20 × 10 mm,
S = 0.31839 m2) and a data acquisition card (NI PXI
6289 [19]). The test procedure is to acquire the output
voltage of the fixed coil over the full speed range of the
motor, for different relative positions and distances of
the fixed coil. The aim is to measure the peak amplitude
of the induced noise of the prototype as a whole and to
understand its influence on the measured voltage signal
of the rotating coil. Different configurations between
prototype and fixed coil were tested to analyze the inter-
ference. The results presented here are referred to two
interesting cases: i) fixed coil planar and parallel to the
prototype, by acquiring the voltage signal for different
rotation speeds, and ii) planar and perpendicular to the
prototype, by acquiring the voltage signal at different posi-
tions (with respect to the motor, encoder, and rotating coil).

For both configurations, three different states were eval-
uated: 1) motor off, 2) motor and encoder on, and 3) en-
coder off. In this way, the tests were able to distinguish the
electrical interference of each component. Four acquisi-
tions of 2 s and 400.000 samples each were considered for
each state (sampling frequency of 200.000 S/s, improving
the resolution of the data acquisition card, δR = ±0.01
µ V ). The standard deviation and mean of the fixed coil
voltage signal is calculated to measure the electrical noise
contribution, by avoiding offset and DC voltages. In case
of the first configuration (Fig. 7A), the rotary speed of the
prototype is controlled by the Noliac NDR8210[16] set-
ting the oscillation frequency signal of the piezoelectric el-
ements. The chosen frequencies are 20,30 and 40 Hz, for
5, 7 and 10 rpm, respectively. The results in Tab. 2 show
increasing noise with the rotating speed (Fig. 8). In the
second configuration (Fig. 7B), the results of Tab. 3 and
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Figure 7: Configurations of electrical interference test:
with fixed coil A) parallel and B) perpendicular to the pro-
totype.

Figure 8: Standard deviation and its spread over 4 consec-
utive measurements of fixed coil voltage signal for different
rotary speeds.

Fig. 9 show a greater electrical interference close to the
motor. Finally, in both cases, the absolute values of the
electrical interference are less than 30 µV at distances of
4.5 and 3 cm. Considering an acceptable threshold of 10−4

for a typical coil voltage of 1 V, the measured electrical in-
terference will fall within this threshold.

V. CONCLUSION
A rotating coil transducer was proposed for local multi-

pole scanning in the curved and small aperture accelerator
magnets. For this reason, the transducer exhibits a very

Table 2: Standard deviation of fixed coil voltage for dif-
ferent rotary speeds in three states: motor off (Off), motor
and encoder on (On), and encoder off (d = 4.5 cm).

Rot.[rpm] Off [µV ] On [µV ] Enc.Off [µV ]
5 25, 20 27, 17 25, 84
7 25, 20 27, 57 26, 52
10 25, 20 27, 98 26, 90

Table 3: Standard deviation of fixed coil voltage for differ-
ent perpendicular position in three states: motor off (Off),
motor and encoder on (On), and encoder off (Fig.7(B)).

Pos. Off [µV ] On [µV ] Enc.Off [µV ]
M 26, 96 29, 62 28, 62
E 18, 73 21, 98 19, 27
S 17, 21 21, 55 17, 27

Figure 9: Standard deviation and its spread over 4 consec-
utive measurements of fixed coil voltage signal for different
perpendicular positions (see Fig. 7B).

compact design to satisfy the technical requirement of me-
chanical flexibility. The experimental characterization of
the first prototype verified the technological requirements
of magnetic compatibility and the low electrical noise. The
first test concerned the magnetic components of the mo-
tor, save region identified for magnetic compatibility is at
a radius larger than 7 cm. In the second test, the accept-
able lower bound of voltage (100 µV ) for quantifying the
electrical noise interference was evaluated in a radius of
about 4 cm. In conclusion, the removal of any marten-
sitic phases in the motor components is crucial for having
a very-compact transducer and, consequently, for reducing
the magnetic perturbation and achieving a satisfying res-
olution in local magnetic field scanning. Rotation quality
and endurance tests will complete the feature investigation
of the proposed prototype.
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