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Abstract

Many different concepts for selection-field generators have been introduced for Magnetic Particle Imaging so far. In
this work, the field generation characteristics of an optimized iron core selection-field generator consisting of two
coil arrays with a total of 18 coils are presented. Due to the high number of degrees of freedom, a wide variety of
field configurations are possible. The setup allows the generation of arbitrarily shaped fields, including the standard
Magnetic Particle Imaging fields such as field-free points and field-free lines. In this work, measurements of static
magnetic fields are presented and the current calculation method for generating a specific field configuration is

discussed.

. Introduction

One of the main targets of current Magnetic Particle
Imaging (MPI) research is its scaling and application to
humans. An essential component of an MPI scanner is
the magnetic field generator, which produces the selec-
tion field. Due to the selection field, the spatial encod-
ing of the measurement signal is achieved. The selec-
tion field is a magnetic gradient field that accommodates
a field-free region. Depending on the desired scanner
topology, this is often realized by a field-free point (FFP)
or a field-free line (FFL). When scanners are scaled up
to human size, the power and cooling requirements of
selection-field generators pose a major challenge. For
this reason, a wide variety of magnetic field generators
have been introduced in recent years [1-5]. Some use
air coils, others permanent magnets or coils with iron
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cores, or combinations of the previous. Depending on
the field generation strategy, there are different advan-
tages and disadvantages. Especially when using soft iron,
an optimization of the generator topology can make a
significant difference in the overall power consumption.

In this work, magnetic field measurements of the field
generator introduced in [6] are presented. It uses two sets
of opposing coils with iron cores arranged in an array
for field generation. During the design process, various
parameters, such as the number and size of the coils
and cores, were optimized. The setup is able to produce
highly flexible static magnetic fields in an efficient way. It
can generate FFPs, FFLs, as well as homogeneous fields.
This allows applications such as imaging or magnetic
manipulation with easy access to the operational field
region. The main objective of this work is to show the
field generation possibilities offered by the system.
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Figure 1: Photo of the field generator and schematic render-
ing of one coil cage. Each cage contains nine iron core coils
placed in a housing made of 1 cm thick iron plates. On the left
side, a 3D hall probe is moved by a robot to measure the field.

Il. Methods

Besides the design and realization of the system, its op-
eration requires methods to produce desired fields and
to quantify the system.

Il.1. The Field Generator

The field generator design and first measurements have
already been presented [6]. The generator consists of
a total of 18 iron core coils arranged in two opposing
coil arrays with a distance of 10 cm, as shown in Figure
1. Each coil can be individually supplied with bipolar
current. To avoid current disturbances due to coil cou-
pling, all coils are equipped with an individual, custom
analog PID controller that measures and adjusts the cur-
rent. The controllers are tuned to switching frequencies
of 10 Hz with a current amplitude of 30 A. [7] They receive
their set value by a cluster of nine RedPitaya IO boards
(STEMlab 125-14, RedPitaya, Solkan, Slovenia), which
together with other devices, such as hall probes and a
robot, are controlled by a software stack composed of
our open-source software RedPitayaDAQServer [8] and
MPIMeasurements.jl [9].

II.11. Current Calculation

The magnetic flux is generated by a controlled current
density and its interaction with the inbuilt soft iron. One
of the biggest challenges of the setup is to find the re-
quired currents for a desired field. Due to the nonlinear
nature of the iron magnetization, this leads in general to
anonlinear inverse problem. However, as a first approxi-
mation, it is assumed that the fields of the coils depend
linearly on their currents. In this scenario, coil sensitiv-
ities can be defined and the currents can be calculated
similar to [4]. Depending on which entries of the Jaco-
bian matrix are used at the considered position, different
fields can be generated in this way. This method was
used, for example, for the FFLs shown in Figure 2. In this
case all field derivatives in one direction have to vanish.
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This method is only applicable for small current den-
sities, where saturation effects can be neglected. If the
linear approach breaks down, it is useful to set up an
optimization problem where the field requirements in
terms of the field-free region position (4) and the field
derivatives ((2),(3), here stated for an FFP) are given as
constraints. The objective function of the optimization
problem is then defined over the power consumption of
the system:

N
i R.I? 1
n}:n;kk o)

st. 0,/g=1 )

o3/0,>a (3)

Pi<h, 4)
Here, the resistances and currents of the coils are de-
noted by R, and I}, respectively. o; and o are the first
and third singular values of the Jacobian matrix at the
desired FFP position x,. g is a measure for the gradient
strength. Depending on the choice of a > 0, the field
norm is forced to increase as homogeneously as possible
such that no FFLs are created. Using the singular values
instead of the explicit entries of the Jacobian matrix al-
lows the optimization algorithm to rotate and shear the
gradient field. p; are the absolute values of the remain-
ing offset field components at x,. For p; < f§ the FFP is
near the target position and the remaining displacement
is tolerable. Depending on the FFP position, this can
result in a significant power reduction. The optimiza-
tion was performed using the FEM software COMSOL
Multiphysics' with a simplified model of the setup.

for je{x,y,z}.

1.1, Field Quantification

Field measurements were performed using the measure-
ment procedure presented in [10], providing polynomial
expansions of the fields with a high accuracy while only
few measurement points are required. To cope with the
highly non-linear field profile generated by the iron core
coils, a spherical 12-design with 86 measurement points
on a sphere with a radius of 4 cm was chosen, which pro-
vides polynomials of degree 6 describing the magnetic
fields. Additionally, the field’s expansion can be used to
easily calculate all field derivatives at any position. At ev-
ery sampling position, constant fields of 250 ms duration
are applied during field measurements.

I1l. Results

Figure 2 shows different field configurations. Besides the
generation of FFPs, for which the setup was originally
optimized, FFLs can also be generated. Depending on

1COMSOL Multiphysics® v. 5.6. www.comsol.com. COMSOL AB, Stock-
holm, Sweden.
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Figure 2: Measurement of generated magnetic fields. Each column shows a different field, including FFL (left) and FFP (right)
fields, with sections of different planes shown in each row. The white dotted circle indicates the sphere on which the measured
values were taken. Outside this circle, the field values cannot be trusted. For the FFLs it holds that o, = 0, =0.5Tm™! and
03 <0.025Tm™. The first FFP has a central position with ¢; = 1.0Tm™, o3 = 0.5Tm™'. The second FFP is shifted by 2cm
towards the coil cages. At this position o, =1.8 Tm™!, 03 = 0.7 T m™! was achievable. At the third FFP position 0, =0.8 Tm™},

03 =0.3Tm™! are measured.

the FFP and FFL position, different field gradients are
achievable. In the case of the FFL, the two remaining field
derivatives have a strength of approximately 0.5 Tm™!
(systems power consumption P ~200W). Additionally,
different FFPs are shown. The first one is a central FFP
offering ¢, = 1.1Tm™!, o3 = 0.5 (P ~ 250W). The sec-
ond FFP is shifted by 2 cm towards the coil cages. At this
position o, =1.8Tm™! and o5 =0.7 Tm™! is measured
in the FFP (P ~ 270W). The third FFP is shifted in all
directions. Here, 0, =0.8 Tm™! and 05 =0.3Tm™! were
determined (P ~ 170 W). No significant temperature rise
in the coils has been detected so far in the measurements
presented.

IV. Discussion and Conclusion

The presented field generator can generate a variety of
magnetic fields that can be used for a wide range of ap-
plications. More specifically, it enables the generation of
FEPs, FFLs, and other complex shaped fields. Besides the
various applications for magnetic actuation, the calcula-
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tion and generation of certain fields under the influence
of nonlinear magnetization response can also be studied.
Currently, the fields are still partially limited by the fact
that the total current in the system is limited by the max-
imum current of the used current source. An additional
current source and better current calculation algorithms
would further enhance the system’s capabilities.
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