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ARTICLE INFO ABSTRACT

Keywords: MRI systems have a thin conducting layer placed between the gradient and RF coils, this acts as a shield at
Low-field the RF-frequency, minimizing noise coupled into the experiment, and decreasing the coupling between the RF
S}clllddd design and gradient coils. Ideally, this layer should be transparent to the gradient fields to reduce eddy currents. In
Eddy currents

this work the design of such a shield, specifically for low-field point-of-care Halbach based MRI devices, is
discussed. A segmented double layer shield is designed and constructed based on eddy current simulations.
Subsequently, the performance of the improved shield is compared to a reference shield by measuring the
eddy current decay times as well as using noise measurements. A maximum reduction factor of 2.9 in the
eddy current decay time is observed. The segmented shield couples in an equivalent amount of noise when
compared to the unsegmented reference shield. Turbo spin echo images of a phantom and the brain of a

Halbach-array

healthy volunteer show improvements in terms of blurring using the segmented shield.

1. Introduction

MRI systems have a thin conducting layer placed between the gradi-
ent and RF coils which acts as a shield at the RF frequency, minimizing
the noise coupled into the image, and reducing the inductive coupling
between the two sets of coils. This layer should sustain minimal eddy
currents, created by the switching of the gradient coils, which can
be the source of image artefacts [1], especially for sequences such as
diffusion weighted imaging [2-5]. Eddy currents can also be a source
of heating [6] and acoustic noise [7].

A substantial body of work exists for conventional high-field MRI
systems with an axial B, field. Early patents introduced the initial
designs of these shields [8-10]. Their objective was to prevent coupling
between the RF body coil and the gradient coils, both situated in the
bore, while minimizing eddy currents in the shield. The shields were
built using flexible printed circuit board (PCB), consisting of copper—
Teflon—copper layers. The thickness and permittivity of the middle
layer was chosen such that the capacitance between the conductive
layers resulted in a low impedance at the Larmor frequency (tens to
hundreds of MHz), effectively shorting the conducting layers. How-
ever, at lower gradient switching frequencies (tens of kHz), the high
impedance resulted in an open circuit. Gaps on both sides of the clad
were etched to interrupt eddy current flow. To improve shielding the
gaps in the conducting layers were non-overlapping such that the shield
is uninterrupted at the frequency of the RF coil. The gaps were etched

parallel to the conductors of the RF-transmit coil, which for the body
coil on a clinical system is typically a birdcage geometry. The result
was that the majority of the currents induced by the RF coil in the
shield could still flow, while currents induced by the gradient coils
flowing perpendicular to these gaps were interrupted. A large number
of segmentations were required, ~25 gaps were shown in the schemat-
ics on each side of the conducting clad. A more precise approach was
proposed by Roemer and Edelstein [11] who used a single conducting
layer. This design offers the advantage of using less material, reducing
the power loss in the shield by the gradient coils. The RF currents
produced in the shield were determined in an analytical manner using
a Fourier decomposition of the current density. This has similarities
with the target field approach proposed by Turner for gradient coil
design [12]. Taking equally spaced contours of the resulting stream
function [13] resulted in the locations where material was removed.
An improved version was proposed by Frederick [14], which combined
the streamline approach with the three layer copper-dielectric—copper
embodiment. The gaps on both sides of the clad were positioned
above each other. To effectively shield both quadrature modes of the
transmit coil, two copper—dielectric—copper shields with an offset of
90 degrees were necessary. Subsequent innovations revealed that a
single copper—dielectric-copper shield could suffice if the gaps on one
side of the conducting layer were displaced by 90 degrees [15]. A
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different optimization technique was proposed by Yao et al. [6]. They
numerically optimized the gap locations to reduce the heating in the
shield, specifically for hybrid MRI systems, and showed that cutting
the shield at the cold-spots was most effective. Instead of using a solid
shield, Ham and Mulder proposed a shield consisting of a conductive
coating [16]. This coating was directly applied to the gradient coil
unit which gives additional space and does not require a separate
cooling system for the shield. This type of shield is especially effective
for higher field systems where a thin layer of conducting material is
sufficient to shield at the Larmor frequency.

There have been some reports regarding shielding at lower-field
strengths. Bidinosti et al. [17] showed an analytical approach for
actively shielded saddle RF coils, specifically for low frequency appli-
cations. The principles are similar to actively shielded gradient coils
which are standard in high field systems [18-21]. This theory was then
used to create a passive shield named the Faraday bracelet [22], which
is a single layer shield with gaps determined by the RF coil stream
lines, very similar to the approach of [11]. This shield was specifically
designed for a saddle coil and tests were performed up to frequencies
of 1 MHz. The shielded coil principal was also used for self-shielded
polarizing coils in very low-field systems which used superconducting
quantum interference devices (SQUIDS) for signal detection [23].

There are some important differences between low-field POC and
conventional MRI systems, which must be considered when designing a
shield. First is the transverse rather than axial direction of the B, field.
Second, the lower Larmor frequency means an increased skin-depth,
requiring more conductive material to obtain proper screening. This
will lead to more eddy currents when using the same gradient fields.
As an example: a 1.5 T system has an RF skin-depth in copper equal to
~8 pm, whereas at 46 mT (1.96 MHz), the skin-depth is ~6 times larger.
Another downside is that the use of copper—dielectric—copper sheets
is far less effective for low-field POC systems due to the impedance
between the two conducting layers being inversely proportional to the
frequency and the sheet dimensions. For a 46 mT system with a length
of 500 mm, diameter of 300 mm, dielectric layer thickness of 125 pm
and a relative permittivity of 4, the impedance between the conducting
layers at the Larmor frequency is equal to ~2 Q, which cannot be
considered a short-circuit. Another difference is that conventional MRI
systems have their RF-transmit body coil mounted in the bore and
are therefore stationary with respect to the shield. There are also
advantages when using POC low-field systems. A Halbach based system
does not require a cryostat or yoke, which are know to be two major
eddy current carriers. As a result the shield is potentially the primary
eddy current source. This is also the reason Halbach based MRI systems
do not require actively shielded gradient coils. This, in turn, increases
the efficiency of the gradient coils which leads to less eddy currents for
the same slew rates.

Another magnet configuration often used for POC systems are par-
allel plate magnets with either an H- or C-shaped yoke [24-29]. The
yokes were made of a ferromagnetic material such that the magnetic
flux is transferred efficiently. However, this can also be a good con-
ductor for eddy-currents. Anti-eddy plates were used to decrease this
effect, these plates were built using metals which are more resistant to
eddy currents such as silicon steel [30].

In this work a multi-layer segmented RF shield is designed for a
46 mT Halbach-based low-field POC system to reduce the eddy current
effects while still effectively shielding at the RF frequency. The optimal
segmentation positions are determined by simulating the eddy currents
in the shield and taking into account the wire pattern of the RF coil.
It is shown that only a few segmentations are sufficient to significantly
reduce the eddy current effects. The performance of the resulting shield
is compared to an unsegmented shield using various eddy-current mea-
surement techniques and noise characterization. Finally, the practical
implications of such a shield are demonstrated using turbo spin echo
(TSE) images of phantom data and a healthy volunteer.
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2. Methods

The shield is designed for a 46 mT Halbach system, which uses three
gradient coils designed with methods discussed in previous work [31,
32]. The RF coil used is a solenoidal head-shaped transmit/receive
coil [33]. An overview of the gradient coil, RF coil and shield geome-
tries, including their dimensions, is given in Fig. 1. The x-gradient is
closest to the shield, followed by the y- and z-gradient coils.

2.1. Simulations

The gradient coil wire patterns, together with a 35 pm thick solid
copper cylindrical shield are simulated using a low-frequency time-
domain solver in CST Studio Suite. A smooth step function with a ramp
time of 200 ps is applied to each gradient coil and the corresponding
eddy-current density patterns created in the shield are observed after
the ramp time. These current densities are used to determine where
to place the segmentations to effectively interrupt the eddy current
paths. To maintain the shielding properties, previous work suggests
that segmentations should be parallel to the current density of the RF
coil [8-10,14,15,22]. In this work solenoidal transmit/receive coils are
used since they have optimal sensitivity for magnets with a transverse
B, fields. The current density of these coils is primarily in the ¢ direc-
tion. Therefore, the segmentations are made in the ¢ direction, cutting
through the eddy current x-component (along the bore) hot-spots.
Simulations are performed before and after the segmentations.

2.2. Shield materials and construction

To validate the simulations the following setup is used. A 75 pm
thick, 500 mm length clad laminate (DuPont Pyralux®) is wrapped
around a 299 mm diameter, 505 mm length, 3D printed Polylactic acid
(PLA) cylinder. The clad has a 35 pm thick copper layer. A soldered
seam connects the two ends of the clad along the axis of the shield. The
cylinder is closed at both ends using two 0.5 mm aluminum plates. The
thickness of the shield is determined empirically by adding layers of
the copper laminate and performing noise measurements with the RF
coil and shield grounded at a central point. When multiple shielding
layers are used, the conductive parts are facing outwards and the
electrical connection is made via the soldered seam. When performing
segmentations 2 mm gaps are used, and the shield is kept together
mechanically using Kapton tape. To mitigate the noise coupled into the
experiment by the introduced segmentations, a layer of 70 pm thick
copper tape (40 pm copper, 30 pm conductive adhesion) is added on
top of the Kapton layer and connected to one side of the segmented
shield. This allows ¢ directed currents of the RF coil to flow where the
segmentation was introduced. However, these current densities may be
slightly curved due to the spiral winding of the RF coil. To deal with
this, 0.1 pF capacitors are used to bridge the segmentations at multiple
locations. The values of the bridging capacitors were determined by
calculating the equivalent impedance using: Z, = ijC, where C is
the equivalent capacitance and w the angular frequency of the RF
or the gradients. Using 0.1 pF capacitors results in an impedance at
the RF frequency which is below 0.1 Q, while at the lower gradient
frequencies the impedance will be ~200 times higher. Fig. 2 shows the
segmentation, tape and capacitor strategy as discussed above.

The shield is built up step by step, introducing segmentations and
performing noise measurements for each configuration. These measure-
ments are compared to the unsegmented reference shield and the noise
mitigation measures discussed above are applied if additional noise is
coupled in. A value for the noise level is obtained by connecting the
RF coil and acquiring a noise spectrum, i.e. no RF pulse applied, with
a 50 kHz bandwidth and 256 complex data points: this was repeated
1000 times. Taking the discrete Fourier transform of these measure-
ments results in 1000 frequency dependent noise sensitivity profiles.
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- z - gradient coil

Fig. 1. Illustration of the RF coil, gradient coils and the shielding layer. Left shows a front view, right a telescopic view. Dimensions are shown in the corresponding colors, units
are in mm. The left figure also shows the ¢ values in radians used for the 2D view of the shield. The axis system is shown in the bottom left corner of the figure. The z-direction
is transverse (left-right) and corresponds to the B, direction, y is in the up-down direction and x is directed along the axis of the bore.

Copper tape, 26X0.07 mm (w X t)
HE Kapton tape, 19%0.07 mm (w X t)
Copper clad, 0.075 mm (t)
— I~ Bridging capacitor

[ —

Fig. 2. Illustration of the copper clad with a segmentation, mechanically kept together
while still being isolated using Kapton tape. An additional layer of copper and a
bridging capacitor can be added to decrease the noise coupled into the experiment.
The figure is not according to scale. The width and thickness of the materials are
shown in the legend. The clad consists out of 35 pm copper, the tape has a copper
thickness of 40 pm.

The standard deviation for each frequency is determined and a poly-
nomial is fitted through the resulting profile of which the maximum
value is used [34]. This is done before and after each segmentation
and the subsequent noise mitigation steps. The noise measured is the
background RF noise in the lab which is essentially broadband, at least
within our measurement bandwidth. It consists of noise coupled in
from the electrical power lines and other environmental noise produced
by machinery in the hospital environment. To minimize the effects
of any day-to-day fluctuations of the noise, the measurements used
to compare the segmented and unsegmented shields were performed
within minutes of each other.

2.3. Eddy current characteristics
Three types of measurements are used to determine the magnitude

and time evolution of the eddy-currents. First, a 70 mm diameter
spherical sample was placed in the center of the magnet. A 20 ms

gradient pulse (x, y or z) with a 8 mT/m amplitude and ramp time
of 200 ps is applied, followed by a variable delay and then a 900
readout RF pulse. The maximum of the NMR spectrum is displayed as
a function of the variable delay. Second, the gradient coil interaction
with the shield is determined by measuring its inductance. The mutual
inductance between the shield and the coil decrease the measured
inductance of the gradient coil. Therefore, more coupling results in
a lower measured gradient coil inductance. As the coupling with the
shield is dependent on the frequency, the inductance is measured at
0.1, 1, 10 and 100 kHz using an LCR meter. Finally the distortion of the
gradient waveform is measured and compared to the input waveform.
The gradient waveform used is a 10 ms pulse with a 200 ps ramp-time.
The data is acquired using a small solenoidal pickup coil (100 turns,
15 x 30 mm (dxl)) connected to an oscilloscope. The pickup coil is
placed at the limits of the FOV, with the axis corresponding to the
gradient that is being measured. All the discussed measurements are
performed using the segmented and unsegmented shield.

The practical implications of the improved shield are demonstrated
by acquiring T, and T, weighted images using a 3D TSE sequences
with maximum phase encoding gradients and shortest echo times.
Experiments were performed on a 2D brain phantom which represents
a transverse brain slab [35]. In addition, T, weighted images of a
healthy volunteer were acquired using an echo time of 13 ms and short
delay times between gradient pulses, such that the differences between
the shields was most evident. Strong and short phase encoding lobes
(13.6/2.8 mT/m, 770 ps) were combined with a long weak readout
gradient (9.6 ms, 1.6 mT/m), resulting in a delay of 112 ps between
the phase encoding and readout lobes. Furthermore, the time between
the rewind phase encoding lobe and the 180°-pulse equals 433 ps. The
remaining scan parameters can be found in the relevant figure caption.

3. Results
3.1. Simulations

The ¢- and x-components of the simulated eddy current densities
created in the shield by the individual gradient coils are shown in Fig. 3.
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Fig. 3. The x- and ¢-components of the simulated eddy current density in the shield. The currents are corrected for the gradient efficiencies and are normalized to the overall
maximum value. The corresponding gradient coil wire patterns are projected on the shield. The red lines indicate the proposed segmentations through the eddy current hot spots.
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Fig. 4. Absolute value of the simulated eddy current density in the shield displayed after a 200 ps gradient ramp. The left column shows the unsegmented data, the right column
the current density after the proposed segmentations (indicated with the red lines). The values are normalized to the overall maximum value and corrected for the gradient coil

efficiencies.

The displayed values correspond to identical gradient field strengths
(T m™1), this is achieved by normalizing to the overall maximum value
and correcting for the gradient coil efficiencies (T m~' A™'). The wire
patterns are projected in the figures. The x-gradient is the nearest to the
shield and is the least efficient, this leads to the strongest eddy current
densities in the shield. The y- and z-gradient eddy currents are very
similar to each other and offset by 45°. Therefore, only the simulations
of the y-gradient coil are displayed. Less strong eddy currents are

associated with these transverse gradients. Cuts are made through
the maximum values of the current density x-component. For the x-
gradient a segmentation at x = + 137 mm is performed, (segmentation
0
mm (segmentation B) is made. These are indicated by the red lines

A). For the transverse z- and y-gradients a segmentation at x

in the figure. After the segmentations the simulations are rerun, the

absolute value of the current densities are shown before and after the
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Fig. 5. Two layers of the segmented shield. The purpose of segmentation A is to disturb the x-gradient eddy currents, segmentation B to disturb the y- and z-gradient eddy
currents. For noise purposes the outer layer does not have segmentation B. The red diamonds indicate the locations of the 0.1 uF capacitors used to bridge the segmentations.

segmentations in Fig. 4. To show the effect of the individual segmenta-
tions, the x-gradient is simulated together with a shield which has only
segmentation A. The transverse gradients are simulated together with
a shield having only segmentation B. Both segmentations decrease the
current density. When comparing the values to the unsegmented shield,
a factor of 3.2 reduction can be observed for the x-gradient and a factor
of 1.5 and 1.45 for the y- and z-gradients. These values are measured
immediately after the ramp up and therefore do not give information
regarding change in decay times. The center lane at ¢ = 1.5z is where
the two parts of the sheet are soldered together and acts as a grounding
lane, which is positioned directly underneath the return path of the
head coil.

3.2. Shield realization and noise measurements

Two 35 pm layers are sufficient to obtain proper shielding. This is
determined by adding layers of shielding, performing noise measure-
ments and comparing the measured values to the noise floor. The noise
floor is measured with a 50 ohm load connected to the spectrometer.

The segmented shield is built up by starting with a single layer and
performing segmentation A. The noise increases by 444% compared
to the situation with a single layer unsegmented shield. Adding the
copper and Kapton tape as shown in Fig. 2, improves the noise to 12%
above the reference value. As a final step 18 equally distributed 0.1
pF capacitors are added to bridge the segmentation, this brings the
percentage down to an equivalent value as measured with a single solid
shield. Subsequently, segmentation B is performed. The noise measured
is 660% higher than the noise measured with the reference shield.
After adding the copper tape this reduces to 25%. Finally, adding 18
equally spaced 0.1 pF capacitors results in a noise level 19% higher
than the value measured with a single layer unsegmented shield. The
second layer is added and only segmentation A is performed because
segmentation B introduced too much additional noise in the single
layer shield. The noise after this step is measured 36% higher than a
double layer unsegmented shield. Adding the copper tape reduces the
noise to 3% above the value measured with the reference shield. As
a last step eight equally distributed capacitors are added bringing the
noise down to the same level as the two layer unsegmented shield. The
two layers of the final segmented shield are shown in Fig. 5. A Picture
of the inner layer of the shield can be viewed in the supplement.

3.3. Eddy current measurements

Fig. 6 shows the results of the one pulse measurements. The re-
sults of the unsegmented reference shield are shown on the left, the
segmented shield on the right. The dependence of the peak signal
vs time after the gradient pulse is approximately exponential. The
degree of eddy currents is clearly lower with the segmented shield. The
measurements conducted with the unsegmented shield shows the MR
signal has a maximum amplitude deviation compared to equilibrium,

of 72, 88 and 79%, for the x-, y- and z-gradient coils, respectively. The
segmented shield shows a maximum amplitude deviation of 1, 17 and
11% (x,y, z). The figure also shows the maximum amplitude can be
reached in half the time using the segmented shield.

The results of gradient waveforms measured with the pickup coil
are shown in Fig. 7. The unsegmented shield results are depicted by
the solid lines. the segmented data by dotted lines. t = 0 is defined as
the end of the ramp off time of the gradient, the input waveform is zero
(black solid line). Fitting an exponential function to the unsegmented
shield data results in decay times 146, 152, and 163 ps for the x-, y-
and z- gradient coils. For the segmented shield these values are 50, 87
and 103 ps.

Fig. 8 shows the measured inductance of each gradient coil. The
blue lines depict the situation with no shield in the system. In this
case the inductance stays nearly constant for the measured frequencies.
This indicates the coupling with other conducting structures such as the
neighboring gradient coils and the RF coil at the measured frequencies
is small. The orange line shows the situation using the unsegmented
shield. The figure shows that between 1-100 kHz the coupling between
the shield and the gradient coils greatly reduces the measured induc-
tance. This reduction in inductance is highest for the x-gradient coil,
namely 35% at 1 kHz compared to the case with no shield. These
values are 26% and 19% for the y- and z-gradient coils. The green
lines show the results for the segmented shield, clearly there is less
coupling when compared the reference shield situation. Specifically, at
1 kHz: 6, 11 and 7% for the x-, y- and z-gradient coils. The largest
improvement is observed for the x-gradient, which is to be expected
due to segmentations A being present in both layers. A similar trend can
be observed with the one pulse measurements and gradient waveforms:
The x-gradient shows the biggest improvement using the segmented
shield, followed by the z- and y-gradient coils. Segmentation A also
slightly improves the performance of the y- and z-gradient coils.

3.4. Imaging results

Phantom images are shown in Fig. 9. The top row shows the T,
weighted images, the bottom row the T, weighted images. As expected
blurring occurs at distances far from the isocenter in the phase encoding
direction: this blurring is decreased when using the segmented shield.
The distortions are more evident in the T, weighted images, due to the
longer effective echo time and larger echo train length, leading to larger
phase errors propagating throughout the echo train.

Fig. 10 shows 3D TSE T, weighted images of a healthy volunteer.
The same effects as in the phantom can be observed, the difference in
blurring between the two shields is most evident for large values of |y|.
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Fig. 6. Results of the one pulse measurements. The figures show the normalized maximum amplitude of the NRM spectrum as a function of delay time between the gradient lobe
ramp down (7 = 0) and the 90° RF pulse. The left figure corresponds to the unsegmented shield, the right figure to the segmented shield.
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Fig. 7. Input gradient waveform measured with the voltage monitor of the amplifier
(black solid line) and the output waveforms measured with a pickup coil. The solid
lines shows the measurements with the unsegmented shield, the dotted lines show the
segmented shield results.

4. Discussion

A segmented shield designed for a low-field Halbach based system
was demonstrated to improve eddy current behavior compared to
an unsegmented reference shield. The proposed design has a noise-
shielding performance comparable to the reference shield. The rel-
atively simple two layer shield has 5 segmentations with locations
determined by electromagnetic simulations. The number of segmen-
tations are sufficient to decrease the eddy current decay times by
approximately a factor of two. Multiple techniques were used to char-
acterize the eddy currents. A pick up coil was used to characterize the
eddy current decay times, a one pulse measurement was used to in-
vestigate the influence on an FID signal, and inductance measurements
were used to observe the coupling between the gradient coils and their
environment.

The eddy current decay times are related to the material in which
they are created. A thick material with higher conductivity is associated
with longer-lived eddy currents [5]. This can also be seen from the
results of the one pulse measurements using a solid shield. The signal
reaches its maximum after approximately ~400 ps for a double layer
shield: using a single layer shield results in this time being ~200 ps,
due to half the shield thickness. Both Figs. 6 and 7 show a single
dominant eddy current source (the shield) leading to a single decay
constant. However, other POC systems may observe multiple eddy
current components due to a shielding box, yoke or plate based gradient
coils. For instance, the POC system discussed here previously had a
2 mm thick aluminum plate underneath the magnet, used for grounding
purposes. This introduced long lived eddy currents in the order of
1000 ps. Figures related to this plate before and after removal are added
as supplemental material. We also emphasize that the shield discussed
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Fig. 8. The inductance of the individual gradient coils measured with a keysight
U1733C, LCR meter, at 0.1, 1, 10 and 100 kHz. Three scenario’s are considered: no
shield in the system (blue lines), the unsegmented reference shield (orange lines), and
the segmented shield (green lines).

here is designed specifically for solenoidal RF coils, noise characteristics
with less-commonly used saddle or phased array coils might be quite
different.

The influence of the end plates closing the cylindrical shield on
the eddy currents was investigated. Inductance and one-pulse mea-
surements performed with and without the plates revealed negligible
differences. This is most probably due to the main current loops of the
gradient coils being perpendicular to these conducting surfaces.
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Fig. 9. T, and T, weighted images of a brain phantom. The data are obtained with the segmented and unsegmented shield. Less blurring can be observed using the segmented
shield. The location of the blurring depends on the phase encoding gradient, this is shown by switching phase and frequency encoding gradients and repeating the measurements.
Acquisition parameters: T, weighted images: BW = 29.4 kHz, FOV = 260 (z: right-left) x 260 (y: posterior-anterior) x 260 (x: head-feet) mm’, data matrix: 346 x 173 x 3,
TR/TE: 1000/15 ms, echo train length: 8, NA=1, 2x read oversampling, |G,,,.| = 1.46, 13.6, 1.9 mT/m. T, weighted images: BW = 33.3 kHz, FOV = 240 (z: right-left) x 240

(y: posterior-anterior) x 200 (x: head-feet) mm?, data matrix: 320 x 160 x 20, TR/TE: 2000/13 ms, echo train length: 20, 2x read oversampling, NA=1, |G,,.| = 1.6, 13.6, 1.9
mT/m (read, phase,, phase,).

Unsegmented

Segmented

Fig. 10. T, weighted brain image of a healthy volunteer with the unsegmented (top row) and segmented (bottom row) shield. acquisition parameters: BW = 33.3 kHz, FOV = 240

(z: right-left) x 240 (y: posterior-anterior) X 200 (z: head-feet) mm?, data matrix: 320 x 160 x 28, TR/TE: 2000/13 ms, echo train length: 28, NA=2, 2x readout oversampling,
|G,uex] = 1.6, 13.6, 2.8 mT/m (read, phase,, phase,), scan duration 11 min 36 s.

In this work we created the shield using multiple layers of the
copper clad. Another way to create a shield with similar characteristics
would be to use a single copper sheet with twice the thickness of the

clad discussed here. This could be advantageous in terms of grounding.

However, it would not be possible to perform the segmentation B in
only one of the layers. One could also consider using a copper—teflon—
copper sheet with segmentation A on both sides and segmentation B

on one side. The shield can then be constructed from a single material.
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The position of the segmentation is important for the level of eddy
current reduction. As a demonstration segmentation A was positioned
at x = =149, 12 mm from the original x = +137 case. Simulations
reveal this increases the maximum amplitude of the x-gradient eddy
current density by 43%. The grounding lane of the shield is placed
directly underneath the return path of the head coil. This is also critical,
since rotating the shield 90-degrees was found to increase the noise
level from 2.7 to 3.4.

Both the segmented and unsegmented shield decreases the coil Q-
factor. A potential way to improve this was discussed by Kimmlingen
et al. [36]. They make holes in the gradient coil holders at the locations
where there are no conductors present. This creates more room for
the RF flux return paths, and improves the Q-factor. This could be
considered for future designs but will make the shield design more
involved as it will no longer have a cylindrical geometry.

A setup which could be interesting for POC low-field systems is
putting the gradient coils at the outside [37]. This could lead to a
smaller magnet and thus a stronger B, field strength. Another advan-
tage is that the shield can be put on the magnet exterior removing
the penalty the shield has on the Q-factor of the RF coil. The major
downside is that the efficiency of the gradient coils will decrease.
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