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Abstract –  
Printed Circuit Boards (PCB) are largely used as 
measurement devices. Recently they have found 
applications in magnetic field measurements of 
accelerator magnets, in particular in rotating coil 
system, thanks to the quality that can be achieved in 
terms of coil area and winding distribution. 
In this paper the application of such technology to 
produce an array of coils for measuring the integral 
field homogeneity inside curved accelerator dipole 
magnets is presented. A set of static coils measuring 
the flux variations during a current pulse, which are 
installed on parallel paths of the particle trajectory, is 
the so-called “fluxmeter”. After an introduction to the 
challenges to face in measuring large curved dipoles, 
we describe the measurement requirements and 
constraints, required by the MedAustron accelerators 
synchrotron and high energy transfer line dipoles. In 
the second part, the design and technical details of the 
PCB and the whole fluxmeter structure are reported. 
The last section is dedicated to the method used for 
the relative calibration of the coils and the results.  

 I. INTRODUCTION 
Single curved coils, translated longitudinally or 

transversally, have been used in the past to measure 
curved dipole magnets, e.g., the curved dipoles of the SIS 
(Heavy Ion Synchrotron) at GSI [1]. Another 
measurement method and system to evaluate the field 
quality of curved dipoles has been developed at CERN to 
measure the dipoles of the CNAO (Centro Nazionale 
Adronterapia Oncologica) accelerator [2].  

The method is based on an array of several coils shaped 
to follow the theoretical path of a particle passing through 
a hard edged magnet [3] (in the following we indicate the 
path as L). The field homogeneity is obtained by 
compensating the flux measured by the central coil (x=0), 
during a field pulse, with the flux measured by an 
adjacent coil displaced on the x-axis. Such kind of 
measurement systems are the so-called “fluxmeters”. The 

first version CNAO fluxmeter was made by a set of 12+1 
coils   wound on a flexible core of 2.75 m and then 
shaped on a wooden support. In addition a 14th coil was 
used as reference on an adapted support. The 
disadvantages of such system were the weight of the 
complete structure (~70 kg) and the weakness in 
maintaining the trajectory shape, resulting in a frequent 
relative calibration. 

To overcome these drawbacks, the CERN magnetic 
measurement team, in collaboration with MedAustron, 
has developed a new fluxmeter concept based on printed 
circuit board mounted on a composite sandwich plate. 
The use of Printed Circuit Board (in the following PCB) 
technologies has the following advantages: 
•  the local relative position between coils is known at the 

micron scale and well defined (a negligible drift of the 
order of a few tenths of a millimeter can accumulate 
over distances of 2 meters); 

•  the weight of the complete structure is drastically 
reduced (~5 kg), which makes the handling required for 
measurements and calibration easier; 

•  technically, it would be possible to measure the field 
integral along the theoretical particle trajectory 
(obtained by numerical simulation) taking into account 
the actual longitudinal field profile; 

•  the dimensional stability over a long period (at least 1 
year for a series of 16 magnets) is guaranteed;  

•  the ease of adapting such kind of design and 
implementation to different magnets having different 
lengths and pole width. 

The only disadvantage of such approach is the difficulty 
to find PCB manufacturers able to produce multilayer 
boards (up to 20/30 layers) of large dimensions (up to 
200 mm width and 1 to 2.5 m length) guaranteeing an 
accuracy of the conductive path within 0.1 millimeter. 
This problem has been solved by constructing the 
fluxmeter using two symmetric multilayer PCBs having 
half of the required length (1.163 m for the synchrotron 
dipole fluxmeter and 1.347 m for the high energy transfer 
line dipoles). In the following chapters after a description 
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of the requirements of the magnets and the measurement 
system, we report the details of the design and 
implementation of the fluxmeters. The last chapter shows 
the measurement results obtained with the fluxmeter in 
measuring and adjusting the field quality of the 
synchrotron dipoles and its measurement performance.  

 

 II. MEASUREMENT REQUIREMENTS OF THE 
CASE STUDIES 

A. Magnetic parameter requirements 
The MedAustron accelerator facility is based on a 
synchrotron accelerator composed of 16 dipoles (named 
in the following as MBH-C) generating field levels from 
90 mT to 1.5 T [4] to deflect proton and ion beams up to 
400 MeV/n. The accelerated beams are then delivered to 
the treatment rooms through a transfer line (HEBT) 
composed of 12 high energy curved dipoles (MBH-Es in 
the following).The PCB fluxmeter has been developed 
essentially to measure the integral field homogeneity 

along the central trajectory, ∫=
L

yL dlBB )0,0( , and 

the variation of such quantity all along the good field 
region: 
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of two types of curved magnets. The MBH-Cs are H-type 
magnets with a bending radius of 4.231 m and have a 
deflection angle of 22°. The design and the optimization 
of the pole profile have been presented in [5]. The 16 
MBH-Cs are connected in series and pulsed to the 
nominal integrated field of 2.5 Tm in 0.5 sec. For this 
reason one of the requirement is that the difference of 
their integral field should be within ±1.2 × 10-3. The 
MBH-Es are instead C-type magnets [6] with a larger 
radius (5.078 m) and the same deflection angle as the 
synchrotron dipoles. For those, the series connection is 
between two magnets at the time and the integral field 
difference between them should be the same within ±2 × 
10-3. Both magnets have been designed with the 
possibility to adjust (shim) the iron length in order to 
fulfill those requirements. Both magnet types should 
respect another strict requirement concerning the integral 
field homogeneity along the particles trajectory. The 
homogeneity should be within ±2 × 10-4 over a GFR of 
120 × 56 mm and over a GFR of 60 × 20 mm from the 
minimum beam injection to the maximum beam 
extraction field levels, respectively for the MBH-Cs and 
MBH-Es. The magnets have been designed with five 
removable blocks for the fine adjustment of the field 
homogeneity and, if needed, to compensate for faults 
during the magnet production that could reduce the field 

quality.  

B. Fluxmeter requirements 
The fluxmeters (fig.1) have been designed in order to 
verify the quality of the magnet production and to 
identify mechanical defects. The measurements also 
provide a valid description of the magnetic field in the 
magnet to the beam physicists with the aim to optimize 
the tuning of the machine. The system is used as a 
reference for the magnet to magnet comparison and to 
support with the measurements the iterative process of 
magnetic field adjustment. For these reasons the 
fluxmeters should provide: 
•  magnetic measurements of the integral field 

homogeneity inside the GFR with uncertainties one 
order of magnitude below the ±2 × 10-4; 

•  a good approximation of the field profile along the 
GFR border, in particular the minimum number of coils 
in the array along the x axis is given by the maximum 
order of the polynomial function approximating the 
field, used in the particle tracking software from the 
beam optics; 

• a long term stability in order to be able to measure all 
the series magnets with minimal recalibrations; 

• ease of handling, due to the many displacement steps 
that have to be taken for the iterative shimming 
procedure in short time. 

 

 
Fig. 1. MBH-E fluxmeter in the magnet  

 

 III. THE PCB FLUXMETERS  
We designed the fluxmeter in PCB in order to satisfy 

the requirement of measuring the field along the 
theoretical particle path on the entire GFR with higher 
spatial resolution. A second requirement was to provide a 
system able to verify the uniformity between magnets by 
measuring several magnetic parameters as the fringe 
field, the field levels and the field homogeneity. 

 These requirements have to be fulfilled considering the 
following constrains: a) output voltage of the coil; b) the 
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PCB printing dimensions limitations; c) the mechanical 
behavior of the PCB support and its alignment with 
respect to the magnet.  

In a first design phase we defined the shape and the 
number of copper tracks (turns) per layers, number of 
layers in order to satisfy the requirements considering the 
constraints at the points a) and b).  

The copper tracks, laid out with CAD software from 
the theoretical particle trajectory, are composed by 2 
straight parts at the end and a curved path, which the arc 
length corresponds to the theoretical magnetic length. 
The straight part is tangent to the arc and their length is 
chosen in order to get the 90% of the stray field. In Table 
1 the parameters for the MBH-C and MBH-E PCB coils 
are summarized. 

Fig. 2 shows the drawing of a PCB fluxmeter.  
The turns (i.e. the PCB tracks) composing each coil are 

concentric as the internal and external edge of each track. 
This is necessary to avoid that the equivalent width of the 
coil and the width of each track are not constant along the 
coil length. At the same time, as shown in fig. 3, the 
concentricity of the tracks keeps the windings of the coil 
equally spaced in the curved part. Having the edges and 
the coil turns parallel would make the coil not uniform 
along the trajectory (fig.3 left side). On the other hand, 
the coils in the array are parallel to each other (fig.2).  

 

 
Fig. 2. PCB fluxmeter drawing  

 

 
Fig. 3. PCB tracks design  

In this way, keeping the length of the tangent to the 
curve (the straight part) the same for all the turns, they 
will end at the same longitudinal position. The coils in 
the array will be parallel to each other by keeping the gap 
between winding turns constant (0.2 mm). This aspect is 
quite relevant in magnetic measurements because it 
improves the coil surface homogeneity along the 
longitudinal path, one of the main issues in coil 
manufacturing [7]. The coil designed in such a way, is 
then replicated at N horizontal positions just by off-
centering the curved path by a fixed step. The value of N 
and the step are chosen in order to cover the GFR width 
and to fulfill the resolution requirements. 

A second design phase is dedicated to the definition of 
the electrical layout, the layer interconnections and the 
reference target marks. These serve to position the array 
with respect to the mechanical structure holding the PCBs 
and then to the magnet body and the method for align the 
stack of layers. This last point has a particular importance 
because it directly affects the measurement accuracy. The 
correctness of the alignment between layers is checked 
with longitudinal and lateral controls tracks, representing 
the coil tracks cross-section. Before the fluxmeter 
assembly, the control tracks are cut and the 
metallography allows to detect and measure the 
alignment errors (the fig. 4 shows an example of the 
tracks). These tracks, referring to the central coil of the 
array, are printed on the board side at three longitudinal 
positions, corresponding to the level of the winding ends 
and to the junction between the curved and the straight 
part (fig. 5 shows an example of the marks on the left side 
of the coil). The mechanical targets on the PCB stack, for 
the mechanical positioning, are drilled at the average 
position value of all the layers following the control 
tracks alignment stacking error. 

Table 1. PCB coils parameters. 

Parameters MBH-C MBH-E 

number of PCB per fluxmeter 2 2 

longitudinal magnetic gap between the 
PCB [mm] 2.5 4 

coil bending part length (arc length) 
[mm] 823.4 987.7 

bending radius [mm] 4231 5078 

bending angle [deg] 11.25 11.25 

coil straight part length [mm] 502.7 362.8 

PCB length [mm] 1336.9 1355.6 

PCB width [mm] 189 121 

number of layers/number of turn per 
layer/total number of turns 8/8/64 2/13/26 

copper tracks width/ gap 
width/thickness [mm] 0.2/0.2/0.035 0.2/0.2/0.035 

maximum positioning error of the 
layer [mm] 0.1 0.1 

equivalent coil width [mm] 6 6 

equivalent surface [m2] 0.509 0.211 

number of coil per PCB 17 7 
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Fig. 4. Control tracks cut (right) and metallography (left) 
of the board  

 
 

 Fig. 5. Reference target marks from MBH-C PCB coils 

 
The third design phase defines the mechanical support 
structure and dimensions, alignment tolerances for the 
PCB board installation and the positioning system for the 
installation in the magnet. Table 2 summarizes the 
parameters for the MBH-C and MBH-E fluxmeters. 

A second set of reference target holes drilled at the two 
ends of each coil are needed to guarantee the correct 
positioning of the fluxmeters (measurement and 
reference) during the in-situ calibration procedure 
described in the next section. In order to lose weight and 
gain in rigidity, the fluxmeters were realized as a 
sandwich structure composed of different materials (fig. 6 
shows the fluxmeter cross-section) selected with two 
criteria: no magnetic influence and easy machining Table 
3 summarizes the material used for the MBH-C and 
MBH-E fluxmeters. 
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Fig. 6. Fluxmeter cross-section 

 
 

Table 2. Fluxmeter parameters. 
Parameters MBH-C MBH-E 

overall length [mm] 2800 2850 

overall width [mm] 405.6 323 

width [mm] 210 140 

height [mm] 10 10 

reference target holes tolerance 3H7 and 4H7 3H7 and 4H7 

relative positioning error between the 
two PCB coil arry [mm] 0.02 0.02 

planarity of the PCB support [mm] 0.05 0.06 

 

Table 3. Fluxmeter material. 

parts material reference 

skin oriented fiberglass high flexion 
resistant with epoxy resin special product 

core rigid foam Rohacell 51 IG-F 

frame cotton fibers with epoxy resin  Flox-epoxy 

inserts for 
calibration or 

positioning parts 
oriented fiberglass with epoxy resin EP GC 203 

PCB  oriented fiberglass with epoxy resin 
special for PCB FR4 

 
The assembly of the whole structure is performed only 

after a careful control of the PCB production quality. 
Before and after the stacking process, it is necessary to 
check for open or short circuits of each layer in order to 
take corrective action during the production. A second 
sorting, based on the measurement of the coil surfaces, is 
needed to select the PCB boards to install in the same 
support in order to reduce coil differences and 
misalignments.  

 IV. CALIBRATION AND MEASUREMENT 
METHODS 

The fluxmeters are used to measure two main 
parameters of the magnet: the field quality and the 
integrated field reproducibility from magnet to magnet (in 
the following defined as “tracking” measurements). Both 
types of measurements are relative measurements, in the 
first case we compare the BL in the position (xi,yj) (the 
index i corresponds to one of the coil in the array, while 
the index j is the vertical position in the magnet aperture) 
with the BL in (0,0). In the second case, the measurement 
of the BL

ref (the integral field in a magnet chosen as 
reference), is compared with the one generated from the 
magnet under measurements (BL

mes).  
In particular, during a magnet power cycle, the 

fluxmeter measures the flux difference between two 
different coils [6]. 

1
),( 0

0

, −
Φ
Φ

=
∆

eff
j

eff
ji

L

jiL

w
w

B
yxB

 (2) 

With Φ0 we indicate the flux variation in the central 
coil when the fluxmeter is in the mid-plane of the magnet 
aperture, and Φi,j is the flux measured by the ith coil when 
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it is placed in the j position. The flux differences are 
weighted by the difference in the equivalent coil surfaces 
(weff

j and weff
0).  

The same approach can be applied to the tracking 
measurements. In this case there are two fluxmeters in 
two different magnets: 

1
0

0 −
Φ
Φ

=
−

eff

eff
ref

ref
ref
L

ref
L

mes
L

w
w

B
BB

 (3) 

weff
ref indicates the surface of the central coil of the 

fluxmeter in the reference magnet. The equivalent 
surfaces, designed to be identical in the same fluxmeter 
and between fluxmeters, in the reality have small 
variations due to two main reasons: the precision in 
printing large circuit and the alignment of the circuit 
layers in the stacks. 

The relations (2) and (3) show that for those kind of 
measurements it is important to know the relative 
differences between coils rather than the absolute value 
of their surfaces.  

The absolute value of the coil equivalent surfaces can 
be measured in a reference magnet, but the accuracy of 
such calibration is reduced due to the difficulty to find a 
reference magnet with an homogeneous field in the 10 
ppm order over a large dimension to cover the entire 
fluxmeter. In the specific case of the fluxmeters for the 
MBH-E and MBH-C, they are made of two PCB boards. 
The two boards are, longitudinally, installed one in front 
of the other and at the contact edge there is a gap that 
mechanically is well defined. Moreover, the missing field 
in that region needs to be magnetically estimated. Such 
gap is in the order of one millimeter corresponding to 
around 100 ppm of integral field. A special calibration 
magnet is under development at CERN to overcome 
those problems.  

Currently, the calibration of the relative difference 
between coils can be obtained “in-situ”, that is in the 
magnet under measurement. The reference and calibrated 
coils are placed symmetrically with respect to the 
aperture mid-plane (fig. 7). In this region they intercept 
the same field, since the field profile is symmetrical with 
respect to the mid-plane, irrespective of power converter 
instability and magnetic history [8]. The reference (the 
red in fig. 7) and the measurement coil (in blue in fig. 7) 
are connected in series opposition, during a current pulse. 
The generated voltage, integrated corresponds to the 
remaining flux variation due to the difference in surface 
between the two coils. The reference coil is then 
systematically displaced directly above each coil of the 
measurement fluxmeter. 

 

Reference fluxmeter

Measure fluxmeter

Reference Magnet

 
Fig. 7. Calibration example of the Coil # 7 with repect to 

the reference coil. 

 

 V. MEASUREMENT SYSTEM PERFORMANCE 
The fluxmeters developed for measuring the MBH-Cs 

and MBH-Es have been calibrated in situ according to the 
procedure described above. The in-situ calibration has 
shown a maximum difference with respect to the coil on 
the central trajectory of the MBH-C fluxmeter of 2 × 10-4 
(fig. 8). Such difference decreases to 0.5 × 10-5 (for the 
coils at -80 mm). Even if the accuracy in producing a 
single layer printed circuit board can be of the order of 1 
micron, the accuracy of a stack of PCB layers is reduced 
due to the difficulty in aligning horizontally the stacks. In 
the specific case of the MBH-C fluxmeter such alignment 
has been measured to be 100 μm (worst case) 
corresponding to half of the PCB track width [9]. 

 

 
Fig. 8. MBH-C fluxmeter relative calibration 

The same measurement performed on the MBH-E 
fluxmeter has shown a maximum difference below 0.4 × 
10-4 (Fig. 9). This fluxmeter is made only by one double 
layer board instead of 8 as for the MBH-C, with coil 
windings on both layers; this improves by a factor of 2 
the quality of the fluxmeter but to the detriment of 
number of coil turns and spatial resolution of the 
measurements. The calibration has been repeated in the 
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same reference magnet monthly over a period of 9 
months (for the MBH-C fluxmeter, measurement for the 
MBH-E is still ongoing) to assess the long term stability 
and thermal stability. Despite of seasonal and daily 
thermal fluctuations of + 6 °C in the measurement 
workshop, the calibration results have shown variations 
below 0.2 × 10-4.  

At the moment a special calibration magnet powered in 
AC is under development at CERN. This magnet should 
be able to provide an accurate absolute calibration of the 
coil surfaces and the possibility to make a longitudinal 
scan of the coils in order to verify local deformation of 
the coil’s width. Precise measurement of the “magnetic” 
gap between the two halves of the fluxmeters can also be 
obtained. 

 

 
Fig. 9. MBH-E fluxmeter relative calibration 

 

 VI. CONCLUSION 
In this paper we present the design details and 
development of a coil array based on printed circuit board 
technology to measure the integral field homogeneity of 
curved dipoles.  
The design of a PCB fluxmeter has been adapted to 
develop two measurement coil arrays for measuring the 
synchrotron and the high energy transfer line dipoles of 
the MedAustron accelerator. The PCB technology chosen 
mainly to allow the measurement of the integral field 
along a curved path, has two other advantages: precision 
of the coil winding and the long term stability in despite 
of a smaller winding density with respect to standard 
manufactured coils used in for magnetic measurements. 
The precision of the winding results in relative difference 
between coils below the 10-4 that improves drastically the 
quality of the compensation and, as consequence, the 
overall accuracy. The long term stability has reduced the 
time dedicated to the calibration and considerably 
reduced the overall measurement time.  
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