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Abstract: Magnetic resonance relaxometry, conducted by measuring relaxation parameters
at different field strengths, has become an increasingly popular technique in recent years.
This technique, known as field cycling, often uses expensive and large electromagnets. In
this work we present a small, portable field cycling sensor. Fast field cycling is a technique
that uses a varying magnetic field applied to a sample, polarising it at a high field, allowing
it time to develop at a lower field and then collecting the data at the same initial high field.
This causes changes in T1 and can reveal interesting properties of the samples not seen by
traditional methods. A prototype portable magnetic resonance sensor that undertakes
relaxometry measurements using fast field cycling has been developed using a combination
of permanent magnets which has been used to conduct preliminary studies on a water
sample. We demonstrate the effectiveness of this sensor by conducting measurements of Ti
at different field strengths.
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1. Introduction

Magnetic resonance (MR) has found countless applications since its discovery, it’s most popular
being medical imaging. It allows for the visualization of the internal structure of a sample without the
need to destroy it. Despite this ability, traditional MRI machines are limited by their size and cost,
meaning many institutions cannot afford to buy and maintain an MRI scanner. Additionally, their size



means that it is impractical to take them into the field where many interesting experiments can be
conducted. Their inner diameter (often referred to as the bore diameter) typically requires samples to
be collected from their environment in order to perform laboratory testing [1].

Taking measurements of relaxation parameters is an alternative to imaging as is used in traditional
MRI. It requires much smaller apparatus and is able to operate at lower field strengths and is therefore
generally much cheaper. Due to this, MR sensors of this type have the application of being taken into
the field to record data in situ [1].

MR probes the physical properties of water non-invasively. It does this through the use of a static
magnetic field, a radio frequency (RF) coil and electronics which generate a series of appropriate RF
pulses, commonly referred to as a pulse sequence. The protons within the water align within the
magnetic field and through the application of a series of appropriate radio frequency pulses, the spin-
spin lattice relaxation time (T1) of a sample can be acquired which gives indication to the properties of
the water molecule's environment. The frequency of the pulses is dependent on the magnetic field
within the sensor, as is the T1. This dependence of Ti is not linear which can often reveal interesting
features of the system [2]. An experiment known as field cycling can be used to determine the
dependence of Ti on the field strength and has found numerous applications in various fields such as
investigating protein solutions, cells, tissues and liquid crystals [3].

In order to collect T:1 data for a variety of different magnetic field strengths, a large number of
probes or broadband RF coils would be required, both of which are very challenging and expensive to
construct. This has led to the widespread adoption of the fast field cycling technique. Fast field cycling
NMR relaxometry allows the magnetic field that the sample experiences to be varied whilst excitation
and detection always occur at the same field. Relaxation times (T1) can be taken for the sample at
lower field strength than the detection field without the need to retune the radio frequency coil (RF
coil). This allows measurements to be taken in quick succession without need of human intervention
[3].

At very low field strengths (16-69mT), quadrupole dips can be found in samples with multiple
species where the proton resonating frequency crosses with the nuclear quadrupole resonance (NQR)
frequencies. These can be used to identify the bonding, structure and even temperature of the sample
[4].

Field cycling apparatus that uses superconducting magnets dominate the market at current and these
systems are very expensive to acquire and maintain as they require cryogenic cooling to function. This
work shows a low-cost permanent magnet system which is a possible alternative to commercial
superconducting magnet systems.

2. Experimental Section

The sensor is composed of two separate magnet arrangements: A Halbach design (Fig.1 a), which is
responsible for transmitting RF to and collecting the signal from the sample, and a perpendicular
magnet arrangement (Fig.1 b), which is responsible for the varying magnetic field applied by virtue of
moving the sample physically. The magnets are arranged with respect to each other as shown in Figure
1. This results in a U shaped magnetic field that is experienced by a sample moving out of the Halbach



and through the perpendicular magnet arrangement. The right hand, increasing side of this U shape is
used to vary the evolution field strength.

Figure 1. 3D rendering of the magnet arrangement.
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In the Halbach configuration, 8 N42 neodymium magnets (42 x 8 x 10 mm?, first4magnets, UK)
were arranged to be 20mm from the magnet opposite in the octagonal Halbach array, these were placed
in an acrylic housing that ran the length of the magnets. The bore diameter was 15mm and ran through
the entire length of the housing. This generated a magnetic field within the centre of 490mT at 293K.

An RF coil resides within the centre of the Halbach magnet arrangement which takes form of a 12-
turn copper solenoid with a 13mm diameter, this is connected to a parallel-series tuning board with two
variable capacitors completing the circuit which resonated at 20.86 MHz.

In the perpendicular magnet configuration, two magnets (40 x 40 x 20 mm?, HKCM, Germany)
were mounted to form a right angle with an inside spacing of 15mm. The range of magnetic field
strengths were from 40 to 420 mT.

A simulation (Fig.2) was conducted in FEMM version 4.2 [5]. The results demonstrate that a design
such as this should be well suited to fast field cycling. The variation in the field as the sample passes
between the magnets presents a gradient no higher than would be typically experienced in a traditional
system.

A length of pipe of inner diameter 4mm passes through the RF coil of the Halbach and through the
perpendicular magnet as shown in figure 1. The sample is bound on both sides by air to ensure signal
is only measured from water that has experienced the relevant field. The sample was moved between
the areas of different field strength virtue of a custom built syringe pump connected to the end of the
tube. By infusing and withdrawing the syringe pump, the sample is inverted in the Halbach, pushed
into a new field for evolution and returned to the coil for signal detection.

T1 was measured using a fast field cycling modified inversion recovery pulse sequence [6,7] (Fig.3)
implemented through a Kea 2 spectrometer (Magritek, New Zealand) running Prospa 3.22 software.
An inversion pulse is applied, the spectrometer drives the syringe pump to move the sample a known
distance into the evolution field. After the evolution time, the spectrometer triggers the syringe pump
to withdraw by a similar amount.



Figure 2. Simulated field plot for magnet geometry employed in this sensor. Fields are not
indicative of final values but the relative magnitudes are correct. The detection system is to
the left, the sample is pumped between the magnets.
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Figure 3. The inversion recovery pulse sequence applied to the sample.
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3. Results and Discussion

The results (Fig.4) show the change in Ti as a result of the change of evolution field strength
achieved by changing the infusion and withdrawal volume of the syringe pump. The data is collected
by changing the evolution time, which is analogous to the inversion time in a traditional inversion
recovery sequence. This is then repeated for different infusion volumes. The blue data in the insert of
Figure 4 was moved a long distance from the RF coil and therefore had a relatively high magnetic field
acting on it, whilst the data shown in red was propelled a much shorter distance out of the Halbach and
evolved within a lower field strength. The gradients of these curves represents Ti1 which is plotted
against evolution field strength in Figure 4.



Figure 4. Plot of spin lattice relaxation time against evolution field strength showing the
expected relationship of increasing relaxation time with field strength. Two inversion
recovery measurements are shown as an inset for this data. The gradients of these lines
represents Ti.
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These very preliminary results evidence that this method of propelling a liquid sample between
magnetic field strengths is suitable to acquire T: data at different fields and shows great promise for
using low cost permanent magnets to produce a portable sensor system for this purpose. As a low cost
portable sensor system, this will have numerous applications for example in food process monitoring.

4. Conclusions

This preliminary study shows promise for the feasibility of creating a portable permanent magnet
fast field cycling system that is low cost. Further development work is required to provide quantitative
values for the field strength as a function of position and to minimize the range of fields which are
experienced by the samples during the evolution period. The next version of this sensor will use a
stepped array of magnets to provide discrete fields over the entire length of the sample.
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