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Abstract
The superconducting magnets for High-Luminosity Large Hadron Collider (HL-LHC) upgrade project
at CERN require magnetic measurements with high precision in field angle and multipole field errors.
The paper describes the design, development, and metrological characterization of a new, rotating-coil
magnetometer and a transport system to scan themagnetic field along the axis of the accelerator magnet.
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Introduction
The High-Luminosity upgrade of the Large
Hadron Collider (HL-LHC) [1] requires Nb3Sn su-
perconducting magnets with strict requirements
for their field quality. Therefore, the magnets
must be measured with highest possible preci-
sion of up to 1-ppm levels, both locally and aver-
aged over their entire length of up to ten meters.
To acquire all required quantities now, the super-
conducting quadrupole magnets have to be mea-
sured using both rotating-coil magnetometers [5]
and stretched-wire systems [7]. It is therefore
advantageous to develop a new magnetometer
for the upcomingmeasurement campaign that al-
lows us to measure all required quantities simul-
taneously.

Harmonic fields and rotating-coil magne-
tometers
A2Dmagnetic field in a domain that is free of cur-
rent and magnetized material (such as the bore
of accelerator magnets) can be described as a
complex valued harmonic field expansion [9]:

By + iBx =
∞∑

n=1

(Bn + iAn)

(
x+ iy
r0

)n−1

, (1)

where r0 is the reference radius, and Bn and An

are called the normal and skew harmonic coef-
ficients, or in short, field multipoles. In practice,
the n-th coefficient corresponds to a field gener-
ated by a magnet with n1pole pairs, for example,
for a quadrupole magnet n = 2.
1 This convention, established for the accelerator magnets,
differs from the usual electrical machines naming convention
in using n instead of p for the pole pair number.

In the case of accelerator magnets, the field
along the magnet length can be integrated and
shown to satisfy the two-dimensional Laplace
equation. The same applies to the field inte-
grated along the length of an induction coil, with
the constraint that the ends of the coil are in
the domain that is free of axial field components.
Otherwise, the coil ends will pick up the field in
the axial (z) direction, in which case themeasure-
ment results do not correspond to the 2D mathe-
matical model but must be treated with the theory
of pseudo-multipoles [2].
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Fig. 1: Left: Radial (sagital) coil array. Right:
Naming convention for angles and radii of
a single wire loop.

The rotating-coil measurement principle is espe-
cially suited to characterize the fields described
as in Eq. 1. This is due to the fast and robust
analysis of the output signals.
According to Faraday’s law:

U = −dΦB

dt
, (2)

using the principal coil arrangement in the shaft
and the geometric relations shown in Fig. 1, we
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can calculate themagnetic flux intercepted by the
induction coil.
Knowing that [9]
∫ z2

z1

B(z) dz =

∫ z2

z1

(By dx−Bx dy)

+ i
∫ z2

z1

(By dy +Bx dx) , (3)

the flux intercepted by the induction coil can be
expressed as

Φ = N�Re

{∫ z2

z1

B(z) dz

}

= N�Re
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z1
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(Bn + iAn)
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dz




= Re




∞∑
n=1

N�

n rn−1
0
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= Re
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n=1

Cn Sn einϕ


 , (4)

whereCn := Bn+iAn (at the reference radius r0)
and the Sn are complex valued sensitivity factors
given by

Sn(r0) = Srad
n − iStan

n

=
N�

n rn−1
0

(zn
2 − zn

1 )

=
N�

n rn−1
0

(rn2 ein(ϕ2−ϕ) − rn1 ein(ϕ1−ϕ)) .

(5)

Radial2 coils, as sketched in Fig. 1 (left), inter-
cept the azimuthal component of the magnetic
flux density. For ϕ1 = ϕ2 = ϕ, inner radius r1
and outer radius r2 the Stan

n are zero and we ob-
tain:

Sn = Srad
n =

N�

n rn−1
0

(
rn2 − rn1

)
. (6)

The Srad
n are calculated using the geometry of

the coils and their arrangement in the probe. In
the most straightforward case the field multipoles
can then be calculated using

Bn + iAn =
ψn

Kn
, (7)

where Kn = Snr
n−1
0 are the sensitivity factors

defined to be independent of the reference ra-
dius andψn are complex coefficients of a Fourier
transform of the acquired integrated voltage.
The harmonic content of the field is used as one
of the quality measures. Generally, a field of an

acceptable quality is defined to have at most a
few hundred ppm of multipole coefficients.
In realistic measurement, affected by mechani-
cal imperfections and signal noise, some addi-
tional steps are required to achieve the specified
accuracy. First of all, for the integration of volt-
age it is necessary to keep exact track of the tim-
ing. This is complicated due to the instabilities in
shaft rotation caused by the motor and bearings.
They introduce vibrations, which can influence
the measured field harmonics. The established
solution to that problem is the use of digital inte-
grators triggered by an angular encoder coupled
with the shaft. The voltage between two triggers
is integrated, yielding a measure of the flux linked
between the two positions. Mathematically this
corresponds to a re-parametrization of the signal
with respect to the rotation angle instead of time.
Multiple coils in the probe can be connected to-
gether in an appropriate configuration to provide
compensation of the main field components [10];
in our case the quadrupole and dipole field com-
ponents. This allows to amplify the compensated
signal, thus increasing the SNR for the higher-
order field harmonics. Moreover, compensation
may reduce the impact of mechanical vibrations
and displacements, if all connected coils move
together.
Finally, to correct the misalignment of the mea-
surement coils with the magnetic axis, a so called
feed-down correction is applied [9]. In the case of
a centered quadrupole measurement, the dipole
component should vanish, except if the coil is de-
centered with respect to the magnetic axis. This
misalignment can be calculated and corrected by
translating the reference frame of the results to
where the dipole harmonic is minimized. This
yields the centered field harmonic coefficients as
well as the position of the magnetic field center in
the local sensor coordinates.

Requirements
The requirements for the measurement system
are based on the design of the HL-LHC magnets
and the accuracy specifications laid out in table 1.

Tab. 1: The target accuracy for LHC insertion re-
gion quadrupole measurements [1].

Parameter Unit Accuracy
Main field [ppm] 100
Main field direction [mrad] 0.1
Harmonics [ppm] 1
Magnetic center [mm] 0.15

The measurement system must be able to mea-
sure different quantities with highest achievable
accuracy. All those quantities must be provided

2Or better sagital.

 20. GMA/ITG-Fachtagung Sensoren und Messsysteme 2019 276

DOI 10.5162/sensoren2019/3.4.3



both locally and integrated along the entire length
of the magnet (up to 10m). They are important
as they allow to intercept manufacturing errors at
an earliest state in the production.
The two types of systems commonly used
for magnetic measurements of long acceler-
ator magnets are rotating-coil magnetometers
and stretched-wire systems. A summary of the
currently achievable measurement accuracy for
those systems is given in table 2.

Tab. 2: Existing systems accuracy [3, 6, 7, 8]
Parameter Accuracy Units Type System

Main field 100 [ppm] Integral Stretched wire
1000 Local Rotating coils

Magnetic
center 0.05 [mm] Integral Stretched wire

Local Rotating coils
Main field
direction 0.1 [mrad] Integral Stretched wire

Local Rotating coils

Harmonics 1 [ppm] Integral Rotating coils
Local Rotating coils

The accuracy for the integral field-center and
field-direction measurements has been obtained
with a Single-Stretched Wire system as used
for the LHC main quadrupoles [7]. These mag-
nets posed similar challenges as the ones to
be measured in the incoming HL-LHC upgrade
project. The expected accuracy for the field har-
monics measurement are based on the probes
developed by Fermi National Accelerator Labo-
ratory (FNAL) and Lawrence Berkeley National
Laboratory (LBNL) for the LHC Accelerator Re-
search Program (LARP) as described in [6].
These probes are designed for measuring a high-
gradient quadrupole magnet and are based on a
similar principle, with the use of induction coils
produced in PCB technology. The accuracy of
the other parameters retrieved by rotating-coil
systems are based on the performance of the
legacy QIMM and DIMM systems, used for LHC
dipole and quadrupole measurements at ambient
temperatures [8].
It can be observed that even though for most pa-
rameters a system exists that allows a measure-
ment with the required accuracy, it is necessary
to use at least two or three complementary sys-
tems to measure and derive all required data.
Given the considerable time and effort for each
measurement, a new system had to be devel-
oped, able to measure all aforementioned quan-
tities simultaneously.
Additionally, as the new magnets will have mul-
tiple different lengths and apertures, the system
needs to be easily adaptable. The size and ra-
dius of the induction coils have an influence on
the amplitude of the acquired signal and thus on
the signal-to-noise ratio (SNR). This is especially
important for magnets such as the quadrupoles,
sextupoles and higher orders.

The prototype magnetometer
Taking into account all the requirements as listed
above, the necessity for the local and integral
measurements of longmagnets, and the required
accuracy of the measurements, the best ap-
proach was to design a new rotating-coil scan-
ner, able to provide all values locally, and after
scanning the entire magnet bore, providing the
integral values as well.
By comparing the specification with the designs
of existing rotating-coil scanners, like the QIMM
[8] or the ferret [6], we derived the main design
concepts:

• Construction adaptable to magnet aper-
tures ranging from 90mm to 150mm and
above,

• 3D printing for complicated structural parts,
• built in encoder and level meter,
• PCB based induction coils,
• open end for mounting retro-reflectors for
the laser tracker,

• and transport in the magnet bore with ex-
tension rods.

The placing of the encoder and the level me-
ter close to the induction coils is necessary to
precisely track their angular position, that in turn
enables the accurate measurement of the an-
gle of the magnetic field. In order to relate the
magnetic-axis measurement (given in the probe
coordinates) to the magnet reference, one end
of the scanner must be open to leave free line-
of-sight for the laser tracker. During the rotation,
the tracker follows the retro-reflectors mounted
on the shaft. By fitting a circle to the measured
points, it is possible to find the mechanical rota-
tion axis and indirectly the axis of the magnetic
field. The longitudinal positioning is realized by
the use of extension rods that transmit the rota-
tion from a motor placed outside the magnet.

Fig. 2: Rendering of the stabilizing wheel.

The base mechanical structure of the probe was
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fabricated using 3D printing technology due to
its complicated shape and because the prototype
version was designed to accommodate multiple
solutions for testing. The two main features to be
tested are the positioning of the level meter, as
well as supporting the probe in the magnet aper-
ture. In the first tested variant, the level meter
was mounted to the base of the scanner, which
was held in position during the measurement us-
ing the stabilizing wheels as shown in Fig. 2.
Themain goal of the wheels is to facilitate longitu-
dinal displacements, while retaining the angular
position of the base during the coil rotation.

Fig. 3: First prototype measurement system.
Top: exploded view of the probe base
structure. Bottom: The picture of an as-
sembled system.

Considering the high positioning accuracy re-
quired for the PCB coils, together with the size
limitations for the 3D printer, we decided that the
support shaft for the PCB board should be ma-
chined from a glass fiber composite. The sup-
port shaft has been designed to allow mounting
differently sized PCBswithout major effort, in par-
ticular without disassembling the base structure.
Moreover, the part is relatively easy to machine
and modify thanks to parametric design. There-
fore, it goes in line with the adaptability require-
ment; a single probe can be used for measuring
magnets of different bore radii. The final design
of the first prototype is shown in Fig. 3.
The fabricated PCBs (see Fig. 4) are equipped
with two sets of five induction coils. To balance
the cost and complexity of manufacturing we de-
cided to use 24 active layers in the board. The
number of turns per layer has been established
by taking into account the clearances of 125µm

between the tracks, and the copper track widths
of 125 µm, to minimize the chances for short cir-
cuits or track breaks. Generally, we aimed at
maximizing the number of turns, without reduc-
ing the average measurement radius of the coil
below 35mm, which is derived from themeasure-
ment specification. Finally, we were able to fit 11
turns per layer, which resulted in a total of 264
coil-winding turns.

Fig. 4: The PCB board containing an array of 10
coils.

The 500mm-long coils have been designed to
cover the entire length of the magnet end region
and provide a high SNR. The smaller, nested
coils, that span 100mm can be used in case
a higher longitudinal resolution is required. In
the case of induction-coil arrays manufactured in
PCB technology, adding the nested coils comes
at a very little price both in design time and pro-
duction cost.
To study the uncertainty in the measurements
due to manufacturing tolerances in the PCB pro-
duction and layer stacking, the ”witness tracks”
were inspected under a microscope; see Fig. 5.

Fig. 5: The PCB stack cross-section under mi-
croscope.

By measuring the positions of the tracks, we es-
tablished the accuracy of the layer positioning to
be within ±30µm. Using the CERN field com-
putation program ROXIE [9], we calculated the
sensitivity factors of the coil with random errors
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of layer placement in this range of tolerance. The
results of over 500 iterations show that for the co-
efficients of lower orders, the standard deviation
in the sensitivity factors is negligible, while for the
coefficients of higher orders (15-th and above)
the standard deviation can be close to the per-
cent range. This, in turn, would result in a rel-
ative error on the order of ppm in the measure-
ment, as the higher order components in the field
rarely exceed 100 ppm.

Coil calibration
The first step in the assembly process, was to
measure the spanned surface of the PCB coils
[4]. Even if one can rely on the optical measure-
ment of the track position, the calibration step
is necessary for verifying the correctness of the
coil production and detecting the inter-turn shorts
that cannot be detected by resistance measure-
ments. The measured surface is used for com-
puting the transfer function between the mag-
netic flux intercepted by the induction coil and
the acquired voltage signal. The surface of the
coil can be found by flipping it upside down in
the uniformmagnetic field of a reference magnet,
while integrating the output voltage. The integra-
tion yields

−
∫ t

0

Vc dt = Φ− (−Φ) = 2AB̄ , (8)

where B̄ is the average magnetic flux density,
and A is the surface spanned by the coil. The
average surface measured for the three pro-
duced PCBs is 1.8729m2. These results have
been corrected for the resistance of the coil
(2.7 kΩ), as the input stage of the integrator has
an impedance of 400 kΩ. The measured values
show very high homogeneity between the coils
on one PCB as well as between the boards; the
differences are in the order of 10−4 m2.

Fig. 6: Comparison of measured and design val-
ues for coil reference points. Measured
values are in brackets.

We then compared the measurement results
with the nominal surface from the PCB design
and found a relative difference of approximately
0.1%. The reason for this discrepancy is the
shrinking of the PCB board during the production.
A precise geometric measurement of the ref-
erence points on the board (see Fig. 6) pro-
vided values to calculate the appropriate shrink-
ing factor, assuming homogeneous shrinking of

the whole board. The computed area, corrected
by the shrinking factor equals 1.8727m2, which
differs from the measured surfaces on the order
of 10−4 m2. These values are very close to the
standard deviation of the calibration results that
is on the order of 10−5.
More PCB samples are needed to create proper
statistics and identify the important factors for re-
fining the design and fabrication process. The
ultimate goal of these efforts is to be able to as-
sume, with high certainty, that the final coil area
corresponds to the design within the 10−5 relative
tolerance. This would limit the role of the surface
calibration to a mere electrical verification of the
PCB coils. This is especially important for large
PCBs that do not fit into the available reference
magnets.

Measurement results
The first validation measurement campaign has
been conducted in two reference quadrupoles
used in the Magnetic Measurements (MM) sec-
tion at CERN. Fig. 7 shows ameasurement setup
in one of the short magnets.

Fig. 7: Measurement setup with all system com-
ponents. The probe is inside the tube that
goes through the magnet.

Both magnets have been scanned along their en-
tire length, using the laser tracker for longitudi-
nal positioning as well as for tracking the rotation
axis. In each position, the coils have been ro-
tated 20 times in both directions to compensate
for angular positioning errors and provide data for
uncertainty analysis. The precision of local mea-
surements shown in Table 3 and Fig. 8 is consis-
tent among the different positions in both mag-
nets.
Tab. 3: The precision of main field parameters

measurement of a single position.

Parameter Unit Repeatability
Main field [ppm] 60
Main field direction [mrad] 0.1
Magnetic center [mm] 0.1
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Fig. 8: The precision of field harmonicsmeasure-
ment of a single position.

The plot also shows the advantages of the com-
pensation scheme for the the main field compo-
nents. If the field harmonics are calculated using
the signal from a single coil, the accuracy is at
least 100 times worse. The quality of the coil pro-
duction and positioning can be assessed by com-
paring the field strength measured by a single
coil and the coils connected in a compensation
scheme. The resulting proportional factor is com-
monly called the compensation (or bucking) ratio.
As seen from the scale differences in Fig. 9 the
achieved bucking ratio for dipole and quadrupole
components are on the order of 1000.

Fig. 9: The acquired integrated voltage between
steps of the encoder over one rotation.

The integral values are computed from the local
measurement results at all positions along the
magnet. The local values have to be multiplied
by the induction-coil length and then added to-
gether. In this case, two additional factors play an
important role: the knowledge of the exact length
of the coil and the precise longitudinal position-
ing, especially in the end regions of the magnet.
The measurements have been conducted with
both long and short coils several times to eval-
uate the repeatability of the system. The results
are shown in Fig. 10 and Fig. 11.

Fig. 10: Results of repeated scans with both long
and short coils. External positions are
removed from the plot to emphasize the
details in the straight field region.

Fig. 11: Axis measurement results of two scans
with long coils. The plot is centered
at the average axis measured by a
stretched wire system.

During the scan we discovered that the system
mechanics is not precise enough, which results
in movements of the base support during the ro-
tation. Due to the compensation, the effect on
the field strength and field harmonics measure-
ments is negligible, but it has a noticeable influ-
ence on the axis and, especially, on the angle
measurement. Since the integral values depend
on the longitudinal positioning, the movement of
the probe reduces the accuracy in their measure-
ment as well.
The scan results have been compared to a
stretched wire measurement that is the reference
for integral values. The integrated gradient is in
a good agreement with wire measurement; the
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accuracy is at the level of 300 ppm, which is a
promising result. The axis is within 0.15mm from
the wire measurement. This difference between
the results of two systems needs to be further
investigated. Given the high repeatability of lo-
cal measurements, it should still be possible to
improve these values. In order to characterize
the limits of the system performance, these re-
sults have been obtained in controlled and fa-
vorable environmental conditions. The reference
quadrupole has a relatively high and pure field of
approximately 130mT at the reference radius of
35mm.
After the first test campaign, we substituted the
stabilizing wheels with a pneumatic brake and
placed the level meter directly on the encoder.
In this way, and by leveling the probe before the
measurement, we can rely on the more linear
range of the tilt sensor that moves with the en-
coder. This modification resulted in more stable
and precise angle measurements, even without
changing the mechanical structure. The accu-
racy of the field angle measurement has been
established to be better than 0.1 mrad.

Conclusions
A new rotating coil magnetometer has been de-
veloped and characterized. The results of the
measurements already indicate that its perfor-
mance is at least as good as other existing sys-
tems, while offering the functionality of those sys-
tems combined. A prototype of a long insertion-
region quadrupole for HL-LHC has been mea-
sured and the results have been used as feed-
back to the magnet development.
The adaptable design of the system and the use
of 3D printing allowed us to easily test multiple
configurations of themechanical structure and in-
duction coil setup. Some of the encountered me-
chanical issues have been addressed. While the
measurement of the field strength and field har-
monics is only slightly affected by mechanical im-
perfections (due to the compensation scheme),
the measurements of the angle and magnetic
axis require much higher mechanical precision.
Ultimately, we aim to substitute the measure-
ments with the stretched-wire system with the in-
tegrated measurements of the rotating coil scan-
ner, substantially reducing the time and effort
necessary for the measurements.
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