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Abstract
We proposed hybrid field free line(H-FFL) generator that is composed of permanent magnet and coil, it was compact
and had low power consumption in 2020. In this paper, we summarize the development process and advantages of
new type of FFL generator that outperform the previous H-FFL generator. The FFL generator not only shows 1.83
times higher the magnetic gradient field but also decrease the total volume and weight to be 1/3. In addition, it is
designed to be easier and cheaper to manufacture.

I. Introduction
In the development of Magnetic particle imaging (MPI)
system, the selection field generation is an essential ele-
ment. By sensing the nonlinear magnetic response only
generated in the field free area (FFA) while moving FFA
in three dimensionally in desired sample volume, three-
dimensional image of magnetic nanoparticles (NMP) can
be obtained non-invasively [1, 2].

Field free line (FFL), one of selection fields, can be
composed of an electromagnetic coil or a permanent
magnet, or a combination of both. The move of FFL can
be achieved by exerting the drive field or the travelling the
FFL generator part mechanically [1, 3]. The method of
moving FFL with drive field by electromagnet has the ad-
vantage of being able to move FFL quickly, but it requires
high power consumption and bulky cooling system. On
the other hand, mechanically-moving FFL way has the
advantage that it does not require high power consump-
tion and enables compact equipment configuration, but
it is slower relatively.

In 2020, we presented compact MPI system that does
not need high power source and cooling system, and hy-
brid field free line generator [3]. This year, we improved

FFL performance with development of new type of FFL
generator composed only with permanent magnets [4].
In this article, the process of development and character-
istic of the FFL generator are summarized, and the FFL
generator is compared with former one.

II. Material and methods

The schematic design and real photo of FFL generator of
previous hybrid field free line (H-FFL) generator of 2020
are shown in Fig 2(a). It consists of a current-driven elec-
tromagnet and permanent magnet. The open aperture of
electromagnet part was adopted to make open structure
to z direction where the sensor and sample insert.

While this configuration of H-MPI does not need high
power source and cooling part, it is still using DC power
supply for FFL generation. In addition, this H-FFL gener-
ator has the disadvantage of requiring too large magnet
when trying to widen the MPI’s FOV. These shortcomings
of the existing FFL generator were solved by developing
open-aperture type FFL generator with a small perma-
nent magnet array.

Fig 1(a) is composed of two ring magnets, each of
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Figure 1: (a) Cylinder-type of FFL generator (b) Rectangular-
type of FFL generator

which is a simplified form of a Halbach ring (k=1) [5]. If
the magnetization directions of the front and rear rings
are reversed, and the two are overlapped as shown in
Fig 1(a), an FFL is formed at the center of the structure.
This ring-structured FFL generator provides a circular
aperture through which the sensor and sample can freely
move in the z-direction.

Our research team modified this ring-type FFL gen-
erator into a rectangular-type structure as illustrated in
Fig1 (b) with following reasons. First, the rectangular-
type FFL generator is more efficient in terms of space
utilization than the ring-type FFL generator. In our MPI
system, which moves the FFL by mechanical motion, the
x-axis width of aperture (Wx ) should be wide so that the
FFL perpendicular to the y-axis covers the FOV in the
x-axis. Detailed scanning mechanism is described in pre-
vious paper [3]. When the aperture has circular type, the
unnecessary spare distance of y-axis exists as shown in
Fig1 (c). On the contrary, the magnets in rectangular-type
aperture configuration can be positioned more tightly in
y-axis. Secondly, the rectangular-type FFL generator has
several practical advantages in the manufacturing pro-
cess. In the case of a ring-type magnet as shown in Fig1
(a), it is difficult to obtain those type of magnet compo-
nent as desired size than a square-type magnet. Also, it is
difficult to assemble. Other side, rectangular magnets are
easily available in the market, and they are convenient to
use by overlapping several sheets. Thus, rectangular-type
FFL generator was developed instead of ring-type con-
figuration. Also, those rectangular-type FFL generator
was inspired by a paper that used rectangular permanent
magnet array. [6] The FFL generator was designed that
the size of the rectangular window to be 140 mm × 90
mm. Each component magnet size in Fig 2 (b) is 50 cc
(cubic centimeter). The size of magnet was chosen be-
cause that is easily available in the market, and it was
suitable for the size of the window of FFL generator.

Figure 2: (a) Schematic sketch of previous H-FFL generator
(b) new version of FFL generator (c) Faraday simulation results
of H-FFL generator (d) and of the FFL device (e) magnetic field
of H-FFL generator (f) and of the FFL generator

III. Results and discussion

Simulation study of magnetic field generation were made
with FARADAY software (Integrated Engineering Soft-
ware, Winnipeg, Manitoba), and the magnet material
used in the simulations was NdFeB.

Fig 2 (c) shows magnetic contour map of XZ-plane of
H-FFL generator, the magnetic gradients in the x-axis and
y-axis are asymmetrically configured. The field free point
(FFP) in XZ-plane is from the quadrupole magnet char-
acteristic illustrated in Fig 2 (e), and as the quadrupole
magnet has a length in the y direction, FFL is generated.
Fig 2 (d) shows magnetic contour map of XZ-plane of
the FFL generator, the generated magnetic gradient field
was steeper than in the case of H-FFL generator. That
is because each of the component magnets are placed
closer to the FFL location than the H-FFL configuration.
The magnetic field in Fig 2 (f) shows characteristic as if
the magnetic field in Fig 2 (e) rotated with 45 degrees
about the y-axis direction.

The table 1 compares the performance of the newly
designed FFL generator and former H-FFL generator.
Both FFL generators are designed to cover 40 mm diame-
ter sample, and the FFL generator can measure samples
longer in z-axis than H-FFL generator since it has open
structure in z-axis. Comparing the magnetic field gra-
dient with previous H-FFL generator, it was improved
by 1.22 times in the x-axis and 1.83 times in the y-axis.
Surprisingly, while achieving this performance improve-
ment, the weight and overall volume of the FFL generator
were reduced by 1/3.
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Table 1: Comparison table of H-FFL generator and new FFL
generator

H-FFL generator FFL generator
(Fig2.(a)) (Fig2.(b))

FOV 40×40×60 mm3 40×40×inf mm3

Gx 3 T/m 3.66 T/m
Gz 1.5 & 2 T/m 3.66 T/m

Weight 33 kg (magnet & coil) 11 kg (magnet)
Size 330×450×200 mm3 260×210×150 mm3

IV. Conclusions
We designed an FFL generator based on the principle of
the Halbach ring configuration. It is much lighter and
easier to fabricate than the H-FFL generator of the past,
while it shows a stronger magnetic gradient. The experi-
mental results of the MPI equipped with this new type of
FFL generator are described in the reference [4].
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