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Abstract
A major issue for human-sized Magnetic Particle Imaging scanners is the generation of sufficiently large magnetic
gradient fields. By taking advantage of the field amplification properties of soft-iron, a considerable amount of
power can be saved. In this work, an optimized selection and focus field generator is presented, that can generate
flexible and high gradient fields at comparatively low power consumption. Coil spacing and possible field-free-point
positions are similar to conventional MPI scanners designed with air coils, but with significantly less demands on
infrastructure and cooling design. The optimization process is discussed and first field measurements are presented.

I. Introduction
In most Magnetic Particle Imaging (MPI) scanners a ma-
jor part of the required power is used to generate selec-
tion and focus fields (SeFo). On the way to a human-sized
MPI scanner, power efficient SeFo generators are crucial
[1–4]. Air coils are no longer feasible above a certain bore
size, due to power limitations. For this reason, soft iron
or permanent magnets are the means of choice for field
amplification in the low and medium frequency range
[5, 6]. Both can drastically reduce the power required
and have their advantages and disadvantages. For ex-
ample, the field simulation effort for soft-iron is strongly
increased compared to air coils, whereas adjustable mag-
netic fields using permanent magnets are only realizable
with high mechanical effort.

In this work, an optimized field-free-point magnetic
field generator with multiple iron-core coils is designed
and built. The design allows production of high, flexible
and switchable magnetic fields with low mechanical ef-
fort. In particular, three-dimensional FFP movements
are possible. Thus, imaging and magnetic manipulation

experiments [7, 8] can be performed with high gradients,
short sequence times and easy access to the system. Ad-
ditionally, the nonlinear inverse current problem can be
studied in detail [9]. This includes calculating the current
for a desired field configuration under influence of the
nonlinear response of the iron magnetization.

In this paper, the main aspects of the design process
including the geometry optimization are explained and
first field measurements are presented validating the per-
formed simulations. Additionally, further simulations
concerning the power consumption of the system for
different field free points (FFP) are shown.

II. Methods
To optimize an iron coil setup one has to find an efficient
current density and iron distribution. By adapting the
geometry and material parameters for the specific appli-
cation, a considerable amount of power can be saved. In
this study, optimization simulations are performed with
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the COMSOL Multiphysics software1, which provides a
toolbox for solving differential equations using the finite
element method (FEM).

We start with the generator optimization and a fit of
the simulated field to the measured field by using a free
parameter. Afterwards, the simulation method for the
power consumption of the system follows.

II.I. Field Generator Optimization
The number of degrees of freedom in a geometry opti-
mization is high. Thus, it is important to choose a certain
design concept in advance, in which the optimization
parameters can be defined. Therefore, it is useful to con-
sider physical aspects like demagnetization factors or
the course of the field lines.

The array shaped coil assembly design (Figure 1) pre-
sented here was first optimized for human head imaging
and later scaled down by factor of three for prototyping.
This results in a coil spacing of 10 cm and reachable FFP
positions in a 10×8×10 cm3 volume. But consequently,
the main constraints of the large setup are still reflected
in the geometry of the down scaled version. For example,
coils are only placed on two sides.

In order to capture the saturation properties in the
simulation, the magnetization curve of soft-iron from
COMSOLs material library is used. For the objective func-
tion, the overall power consumption for a central FFP
with a gradient strength of 2.0 Tm−1 is defined such that
the iron is saturated during operation. Geometry opti-
mization parameters are the number of coils per side,
the coil length, the coil cross section and the core size.
Further, the width of the outer iron coating is included
in the optimization, which serves to guide the field lines
into the area of interest. Additionally, the current density
is allowed to vary along the iron cores. For this purpose,
the coil is divided into four different areas with constant
current density. Depending on the connection of these
elements, different current density distributions can be
achieved. The one with the highest efficiency for high
field strengths is selected.

For optimization, COMSOLs Optimization Module is
used, offering a wide variety of optimization algorithms.
Here, a Nelder-Mead algorithm is applied.

II.II. Verification
In the best case, simulations should reflect the real world.
However, it is impossible to include all aspects in a sim-
ulation from the beginning. For example, the fill factor
η (proportion of copper in the cross section of the coil)
is not known in advance or imperfections in the iron
assembly could exist. For this reason, η is left as a free
parameter to fit the measured data to the simulated data.

1COMSOL Multiphysics® v. 5.6. www.comsol.com. COMSOL AB, Stock-
holm, Sweden.

The simulation can be considered to be a valid approxi-
mation when the field profile and its dependence on the
current density is properly reflected.

To determine η, only the center coil of each coil cage
is inserted (see Figure 1) and supplied with low current,
such that saturation does not play a role and there is a
linear relationship betweenη and the field values. There-
upon, ∂y By is selected as a representative for the field
values and used to scale the fill factor. In order to mea-
sure ∂y By , a compact polynomial representation using
spherical harmonics as introduced in [10] is chosen. Only
86 measurement points of a spherical 12-design are nec-
essary to obtain a polynomial of degree 6.

Afterwards, a simulation is performed with the same
current and η = 1. The actual fill factor results in
η=

�

∂y By

�

M
/
�

∂y By

�

S
(M: Measurement, S: Simulation).

Afterwards field measurements and simulations atcd
higher current densities can be compared to assess
whether the saturation properties of the iron are being
accurately simulated and the field profiles of the mea-
surement and the simulation stay consistent.

II.III. Power Consumption Simulation
With the previously determined η, further simulations
can be done concerning the power consumption of the
system when all coils are inserted. The needed currents
for an FFP at a specific position are calculated by perform-
ing a gradient based optimization with an algorithm im-
plemented in COMSOL. Thereby, the currents are varied
under certain boundary conditions such that the FFP is
in the right place and the desired field profile is achieved.
From the currents the power consumption of the system
is determined. Here, FFP positions are considered which
lie on the y -axis between both coil arrays. The Jacobian
Matrix, as a local representation of the field in the FFP, is
set to

J =





−G /2 0 0
0 G 0
0 0 −G /2





with G = 1.5 Tm−1.

III. Results and Discussion

The optimization process yields a setup with nine coils
per side, a gradient strength of 1.5 T m−1 and an overall
power consumption of 210 W for a central FFP. A photo
and a schematic rendering of the setup is shown in Figure
1. Due to the long soft-iron cores, the coil length and the
current density distribution can still be optimized during
build up. When using another material like cobalt-iron
(CoFe) for the cores and the outer coating, an even lower
power consumption can be expected. This is due to the
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Figure 1: Photo of the field generator when the middle
coil is inserted and schematic rendering of a single coil cage
with 3×3 c2oils. The dimensions of the individual coils are
5×5×15 cm3. Each coil consists of individual coil segments
and each segment is made from a copper strip wound on the
respective iron core. The supply cables are led out of the iron
back plate. The copper plates inside the iron block visible on
the photo on the left, serve on the one hand for positioning the
coils and on the other hand for additional heat dissipation. On
the right side, copper colored elements are the field-generating
coils mounted on the gray colored soft-iron.

fact that the saturation magnetization of CoFe is 2.35 T
compared to 2.15 T for high-purity soft-iron (Fe). At high
gradients, the saturation within the cores plays a major
role, but simulations get more complex due to the steep
magnetization curve of CoFe.

For the built setup the calculated fill factor is about
67 %, which is a realistic value for hand-wound coils. The
result for a larger current, where saturation effects come
into play, can be seen in Figure 2. The profile of the mag-
nitude of the flux density still match very well for the
field on the y -axis as well as on the x -axis. Thus, the
simulation correctly reproduces the field together with
the saturation properties of the soft-iron. Deviations be-
tween simulation and measurement can be due to the
fact that both coils could have different filling factors.
Furthermore, the slope of the measurement is limited
by the number of measurement points. Here, fields with
a maximum polynomial degree of 6 can be reproduced
exactly. This can be a reason why the drop of the field at
the edges of the x -axis is not fully visible in the measure-
ment.

The power consumption of the system for FFPs on the
y -axis is shown in the third plot in Figure 2. In contrast to
MPI scanners in standard coil configuration, the power
consumption of the system is decreased when the FFP
moves to one of the coil arrays. This is due to the fact that
the coils can enter a single-sided mode in which far away
coils only need to be supplied with very low currents.
Additionally, the array-shaped coil arrangement allows
to shift the FFP with only a comparatively small increase
in power in the other directions.
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Figure 2: Simulated and measured magnetic flux density B
and power consumption for FFP movement on y -axis with
G = 1.5 Tm−1.

IV. Conclusion
In this work, an optimized high field iron SeFo gen-
erator has been presented. FFP positions inside a
10×8×10 cm3 volume with gradients of more than
1.5 Tm−1 are accessible. The overall power consumption
for field generation is in a range, which still allows air
cooling. Due to the array-shaped coil assembly, flexible
field values are possible for every position. This enables
new possibilities for force experiments together with si-
multaneous imaging. Additionally, the nonlinear inverse
current problem can be studied in detail, which has to
be handled properly for human-sized MPI scanner.
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