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Purpose: In order to integrate electronic devices into a magnetic resonance imaging (MRI) scanner,
shielding of the electronics with respect to the radio frequency (RF) transmit and receive system of
the MRI scanner is required. Furthermore, MRI uses time-varying low-frequency magnetic fields for
spatial encoding, i.e., the gradient magnetic fields. Time-varying magnetic fields induce eddy currents in all conductive elements. The eddy currents result in opposing magnetic fields, which can
cause distortions of the magnetic resonance (MR) image. As shielding of lower frequencies is not
feasible in this respect, an ideal shielding element should be transparent for gradient magnetic fields
while providing a high RF shielding effectiveness. Furthermore, it should offer a low susceptibility to
prevent distortion of the main magnetic field of the MRI. In this work, we characterize the aforesaid
shielding parameters of different shielding samples.
Methods: We developed a nuclear magnetic resonance (NMR) probe to measure the magnetic fields
to quantify the field distortions time-resolvedly. The relative distortion was introduced as a proportionality constant relating the eddy-current-inducing field changes and the field distortions. The relative distortion was measured in the frequency range from 0 to 10 kHz for all shielding samples using
the NMR probe. We characterized the shielding effectiveness of the samples in the frequency range
from 1 to 150 MHz using a network analyzer. We conducted all measurements with three different
materials, two carbon fiber composites and copper, each in various thicknesses.
Results: The relative distortion of the magnetic fields induced by the carbon fiber composites samples was at least a factor of seven lower than the copper sample. A linear dependency on the sample
thickness was measured for the main field distortion, the relative distortion and the shielding effectiveness. The relative distortion was roughly independent of the gradient frequency contrary to the
shielding effectiveness, highly depending on the RF frequency.
Conclusions: We presented a very sensitive method to characterize the distortion of the main field
distortion and the gradient transparency using an NMR probe. We analyzed different shielding materials regarding the main field distortion, the gradient transparency, and the shielding effectiveness.
From the tested materials, we identified a carbon fiber composite with the lowest distortion on the
MRI. © 2018 The Authors. Medical Physics published by Wiley Periodicals, Inc. on behalf of American Association of Physicists in Medicine. [https://doi.org/10.1002/mp.12762]
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1. INTRODUCTION
Magnetic resonance imaging (MRI) provides anatomic information with excellent soft tissue contrast. Additional information can be measured by integrating electronic devices in the
MRI scanner, such as electrocardiographs, electroencephalographs, video cameras, up to complete single photon emission computed tomography (SPECT) or positron emission
tomography (PET) systems to enable bimodal imaging. PET,
for example, allows to image biological functional processes
with high sensitivity. Thus, the combination of PET with
MRI reveals comprehensive and complementary information
and is considered to be a promising hybrid imaging modality.
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The integration of electronic devices into an MRI scanner
is an ambitious task because the MRI scanner is a very
sensitive device with respect to electromagnetic disturbances while the electronics suffer from high static and
dynamic magnetic fields. So-called zipper artifacts are
often visible in MR images if active electronic devices are
inserted. An example is shown in Fig. 1(a): A loose synchronization cable of the Hyperion I PET insert1 resulted
in the emission of spurious signals that were received by
the radio frequency (RF) coil. Figure 1(b) shows the clear
image with the fixed synchronization cable. Therefore,
adequate shielding of the electronic devices for RF fields is
required.

© 2018 The Authors. Medical Physics published by Wiley Periodicals, Inc. on behalf of
American Association of Physicists in Medicine. This is an open access article under the
terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.
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(b)

FIG. 1. Two MR images of a phantom measured with an open shielding (a) and a fixed shielding (b) of the Hyperion I1 PET insert. Adapted from Ref. 2. [Color
figure can be viewed at wileyonlinelibrary.com]

A common approach is to envelope the electronics with
shielding that is usually made of copper.1–5 However, MRI
uses fast switching gradient magnetic fields for spatial encoding. A time-varying magnetic field induces eddy currents in
all conductive elements perpendicular to the changing magnetic field, such as the shieldings. The induced eddy currents
flow in circular paths and decay multiexponentially.6 Their
strengths and decay times depend on the conductance and
geometry of these elements. Reducing, e.g., the conductance
and the area perpendicular to the changing field will decrease
the decay times and the strength of the eddy currents. The
eddy currents themselves induce superimposing magnetic
fields that are opposed to the change of the gradient magnetic
field. Thus, the resulting magnetic field deviates from the theoretically assumed field. As an example, Fig. 2 shows a measurement of a rectangular gradient course (30 mT/m,
200 mT/m/ms, z-direction) measured 15 cm off-center. A
reference measurement is colored in blue, a measurement
with a (100 9 100 9 0.1) mm copper plate placed 16 cm
off-center in z-direction is colored in red. The gradient course
of the measurement with the copper plate clearly differs from
the reference measurement.

FIG. 2. Gradient course of a targeted rectangular gradient shape (30 mT/m,
200 mT/m/ms, z-direction) measured 15 cm off-center in z-direction with
and without a (100 9 100 9 0.1) mm3 copper plate placed 16 cm off-center
in z-direction. [Color figure can be viewed at wileyonlinelibrary.com]
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Since spatial encoding in MRI relies on accurate linear
gradient magnetic fields, these deviations can cause image
artifacts if they are not taken into account by the image reconstruction.7–9
Thus, an ideal shielding structure should be transparent
for gradient magnetic fields while providing a high RF
shielding effectiveness. A high shielding effectiveness is
given by a low transmittance in the RF, i.e., in the MHz
range.10,11 Gradient transparency can be improved by decreasing the conductance of the material in the frequency range of
the gradient magnetic fields, which is typically around a few
kHz. This can be done by, e.g., decreasing the conductivity
of the material or the thickness of the shielding.
An additional shielding parameter of interest is a low magnetic susceptibility. High magnetic susceptibilities degrade the
field homogeneity of the static magnetic field, which also leads
to image distortions. Contrary to the eddy-current-induced
magnetic fields, this field distortion is constant in time.
All previously mentioned shielding parameters are important for each device which is supposed to be shielded in an
MRI. For PET/MRI and SPECT/MRI, one additional property of interest is a high transparency for gamma photons
with an energy of a few hundreds of keV. The gamma transparency can be evaluated, e.g., by placing the shielding structure between a PET detector and a positron source and by
measuring the transmitted gamma photons. Since the shielding materials are typically very thin or have a low density and
proton number, their gamma transparency is very high.
In the past, different shielding approaches were investigated. In slotted shielding approaches, apertures are inserted
to decrease the conductive area and hence, to decrease the
strength of the eddy currents.12,13 A similar approach of
decreasing the conductive area are meshed structures, e.g.,
copper or phosphor bronze meshes.14 However, gaps also
lead to RF leakage and, thereby, decrease the shielding effectiveness. Carbon fibers provide a high RF shielding effectiveness, as already measured in previous works.15,16
Furthermore, they are expected to be much more transparent
for gradient magnetic fields than copper screens17–19 and to
have a low susceptibility being comparable to copper.
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In summary, the desired parameters for good shielding
materials are well known. However, highly sensitive and
quantitative measurement methods are still lacking, especially
for the gradient transparency. Common methods rely on
imaging sequences, such as chemical shift imaging20 or modified gradient echo sequences.17,21 They do not measure the
complete time course of the magnetic field and depend on the
parameters of the imaging sequence. A nuclear magnetic resonance (NMR) probe can be used to measure magnetic fields
time-resolvedly at a single position with high sensitivity.22,23
In principle, an NMR probe can be realized as a water droplet
surrounded by a transmit/receive coil.24 The frequency of the
NMR signal in the time domain is proportional to the magnetic field at the location of the water droplet. Thus, the complete time course of the magnetic field can be measured and
no magnetic gradient fields are needed for spatial encoding.
In this work, we characterize the static field distortion, the
gradient transparency and RF shielding properties of different
shielding materials. We developed a NMR probe to measure
and characterize the static field distortion and gradient transparency. The shielding effectiveness is characterized using a
network analyzer.10

2. MATERIALS AND METHODS
2.A. NMR probe
An image of the developed NMR probe is shown in Fig. 3.
We used a glass capillary with a 1.2 mm outer and 1 mm inner
diameter, and a length of 25 mm. We wound a copper wire
with diameter of 0.4 mm five times around the glass capillary.
The latter was completely filled with water. Since the susceptibility of water (diamagnetic, 9.03 ppm) highly differs from
the susceptibility of air (paramagnetic, 0.36 ppm), we surrounded the glass capillary with an epoxy casing (diamagnetic). To increase the uniformity of the susceptibility in the
epoxy casing, we suppressed the formation of air bubbles by
drying the epoxy under heating in a vacuum bell.
We tuned the coil to the 1H frequency at 3 T and matched
the impedance to the MRI interface. The NMR coil was connected with the coil electronics, taken from an existing onechannel Tx/Rx coil, to a clinical 3-T MRI scanner (Achieva
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3-T, Philips, The Netherlands). The signal of the NMR probe
was sampled with 91.146 kHz with the regular MRI readout
electronics.
2.B. Data processing
The measured NMR signal in the time domain is given by
the phase / and the magnitude. The phase points were constrained to the range from p to p, i.e., wrapped phase. As a
first step, we performed a phase unwrapping.
Furthermore, we calculated the frequency f of the signal
by dividing the phase difference d/ by the time difference dt
between two points:
f ¼

1 d/
2p dt

(1)

The frequency f of the NMR signal is proportional to the
absolute value of the total magnetic field with the gyro
magnetic ratio c:
f ¼

c
 ~
B
2p

(2)

The time-independent magnetic field at a position ~
r in the
field of view (FOV) of an MRI scanner is given by the main
~0 ðr
~Þ. Usually, the
field ~
B0 and the main field distortion DB
orientation of the main field is chosen parallel to the z-axis.
The main field distortion results from static effects, e.g., manufacturing tolerances of the main field coil or susceptibility
variations in the FOV and can be reduced by applying shimming.25 Thus, the main field distortion is spatial-dependent
and also has a component perpendicular to the z-axis. Aside
from tissue properties, susceptibility variations can also be
caused by temperature changes.26 Since the temperature
changes are very low on the measurement time scale compared to the expected distortion, the effect can be neglected.
The time-dependent magnetic field at a position ~
r is given
~ðr
~; tÞ and gradient field distortion
by the gradient field G
~ðr
~; tÞ. An ideal gradient field is linear and parallel to the
DG
z-axis. The gradient field distortion results from dynamic
effects, e.g., magnetic fields that are induced by eddy currents
or inaccuracies of the gradient amplifiers. Thus, it is spatialand time-dependent and can also have a component perpendicular to the z-axis.
We simplify the following calculations and consider only
the z-component of the magnetic field because the other components are expected to be much smaller. In summary, the
total magnetic field B at a position ~
r and time t can be
described as:
~; tÞ ¼ B0 þ DB0 ðr
~Þ þ Gðr
~; tÞ þ DGðr
~; tÞ
Bðr

(3)

Inserting the total magnetic field, i.e., Eq. (3), in Eq. (2)
yields:
~; tÞ ¼
f total ðr
FIG. 3. Image of the developed NMR probe with epoxy casing. Capacitive
impedance matching and tuning (1H frequency at 3 T) were carried out.
[Color figure can be viewed at wileyonlinelibrary.com]
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c
~Þ þ Gðr
~; tÞ þ DGðr
~; tÞÞ
 ðB0 þ DB0 ðr
2p

(4)

Usually, the NMR signal is demodulated by the resonance
frequency of the main field and B0 can be neglected. Further~Þ can be determined by
more, the main field distortion DB0 ðr
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a gradient-less measurement and subtracted from the frequency data. Only time-dependent components are left:
~; tÞ ¼
f ðr

c
~; tÞ þ DGðr
~; tÞÞ
 ðGðr
2p

(5)

Neglecting the distortion related to the gradient coil, the
magnetic field of a measurement without a sample under
investigation can be associated with the undistorted gradient
~; tÞ in Eq. (5). Calculating the difference of a meafield Gðr
surement with a sample and without a sample at the same
position yields the magnetic field distortion caused by the
eddy currents in the sample:
c
c
~; tÞ ¼
~; tÞ
 Gðr
 DGðr
2p
2p

(6)

In first order, the magnetic field distortion is proportional to the induced eddy currents in the sample, which
are proportional to the time derivative of the magnetic
field at the position of the sample ~
rsample due to the law of
induction:
~; tÞ ¼
DGðr

~; tÞ 
aðr

~sample ; tÞ
dGðr
dt

f ðtÞ ¼ f1 þ ðf2

(7)

We introduce the constant of proportionality a, called relative distortion, which depends on the geometry and conductivity of the sample. It can be used to estimate the magnetic
field distortion caused by eddy currents for a given input
field.
2.C. Samples under investigation
We conducted tests with three different materials. Two carbon fiber composite materials (FuturaComposites, The
Netherlands), the Fut-CRFS-11 and the Fut-CRFS-18, were
compared with a copper sheet. The two carbon fiber composite materials were not characterized in previous works. All
samples under investigation were (10 9 10) cm2 in size with
different thicknesses.
2.D. Main ﬁeld distortion
The NMR probe was placed 15 cm off-center and each
sample were located 16 cm off-center in z-direction, as
~Þ was
depicted in Fig. 4. The main field distortion DB0 ðr
determined by a gradient-less measurement as described in
Section 2.B. A reference measurement without a sample was
performed to subtract the main field distortion of the MRI
scanner itself.
2.E. Gradient transparency
The NMR probe and each sample were placed in the same
way as depicted in Fig. 4 and described in Section 2.D.
Additionally, a so-called chirp gradient was applied in
z- direction.27,28 A chirp gradient is a sinusoidal oscillation
with a linear frequency increase over time. The instantaneous
frequency of a chirp gradient with the duration T and the
frequency range from f1 to f2 is:27
Medical Physics, 45 (4), April 2018

FIG. 4. Setup used for the eddy current measurements. [Color figure can be
viewed at wileyonlinelibrary.com]

f1 Þt=T

(8)

Hence, the chirp gradient waveform is given by:
GC ðtÞ ¼ A sinð2pðf1 t þ ðf2

f1 Þt 2 =2TÞÞ

(9)

The amplitude A needed to be scaled down for higher frequencies because of the slew rate limit of the MRI gradient
system, which was 200 mT/m/ms. For the measurements, we
set the frequency range to (0–10) kHz, the strength to the
maximum of 30 mT/m, the duration to 25 ms and the number of signal averages to 20. The dwell time of the gradient
samples was restricted to 6.4 ls. The chirp gradient course
for the given parameters is shown in Fig. 5.
The chirp gradient applied in z-direction ensured a rapidly
changing magnetic field at the sample position. We performed a measurement with chirp gradient for each sample
and two additional measurements without a sample, one at
the same position as the measurements with the sample,
15 cm off-center, and one at the position of the sample,
16 cm off-center. As a measure for the gradient transparency,
we calculated the temporal mean value of the relative distortion for all samples, as described in Section 2.B.

0.03
0.02

gradient strength / T/m

~; tÞ
f ðr

0.01
0
−0.01
−0.02
−0.03
0

0.005

0.01

0.015

0.02

0.025

time / s

FIG. 5. Chirp gradient with a frequency range of (0–10) kHz, a duration of
25 ms and a maximum strength of 30 mT/m.
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FIG. 7. Main field distortion 1 cm in front of each sample. [Color figure can
be viewed at wileyonlinelibrary.com]
FIG. 6. Setup used to measure the influence on the MR image. [Color figure
can be viewed at wileyonlinelibrary.com]

2.F. Shielding effectiveness
The shielding effectiveness is the ratio of the power
received with and without a shielding sample for the same
incident power and is given in units of decibels (dB). The
shielding effectiveness of all materials was measured with a
network analyzer (Agilent E5071C) and two single winded
coils in the frequency range from 1 to 150 MHz (10 and
25 mm coils of the near field probe set RF2 by Langer
EMV Technik, Germany). The incoming signals were
amplified by a 30 dB amplifier (PA303 by Langer EMV
Technik, Germany). To reduce the influence of the coupling
between the two cables, the amplifier was connected
directly to the receiving coil. Each sample under investigation was placed in between the two coils. Additionally, we
performed a reference measurement without a sample for
the normalization and a measurement with the unplugged
transmit coil.

2.G. Inﬂuence on MR image
To investigate the influence of each material on the MR
image, we placed a bottle phantom at the position of the
NMR probe as shown in Fig. 6. A coronal slice was measured with an EPI FFE sequence with following parameters:
TE/TR of 41.7/84.7 ms, EPI factor of 55, and matrix size
(x,y) of (256,220). For reconstruction, the system default
2D nonlinear phase correction was applied.

3. RESULTS
3.A. Main ﬁeld distortion
The measurements of the main field distortion located
1 cm in front of the sample are depicted in Fig. 7. A linear fit
was applied for each carbon fiber composite material. A linear dependency of the main field distortion on the samples’
thicknesses is observable. The field distortion of the 12-lmthick copper sample was about 0 ppm. The field distortion of
the Fut-CRFS-11 samples was slightly higher, i.e., lower than

FIG. 8. The complete time course of the chirp measurements with the 12-lm-thick copper sample, the 2.5-mm-thick Fut-CRFS-18 sample, and without a sample.
A zoom in the range from (0.006 to 0.0065) s is shown on the top right. [Color figure can be viewed at wileyonlinelibrary.com]
Medical Physics, 45 (4), April 2018
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FIG. 9. Difference of the measurement with a sample and without a sample, i.e., field distortion caused by the eddy currents for the 12-lm-thick copper sample,
the 2.5-mm-thick Fut-CRFS-18 sample, and the 2.5-mm-thick Fut-CRFS-11 sample. [Color figure can be viewed at wileyonlinelibrary.com]

0.2 ppm. The Fut-CRFS-18 samples strongly disturbed the
main field up to 2.7 ppm.
3.B. Gradient transparency
The chirp gradient measurements for the 12-lm-thick copper sample and the 2.5-mm- thick Fut-CRFS-18 sample are
shown in Fig. 8. The reference measurement without a sample was added. The frequency was calculated as a function of
the magnetic field strength as shown in Eq. (2). Furthermore,
a plot in the range from 6 to 6.5 ms is shown. The measurement of the 12-lm-thick copper sample clearly differed from
the reference measurement.
The difference of the measurement with and without a
sample is depicted in Fig. 9. It equals the distortion caused
by the sample, as calculated for Eq. (6). A strong distortion

2.5

was observable at the time points of high field changes in the
chirp gradient course.
The relative distortion was calculated from Eq. (7) and is
depicted in Fig. 10 for the Fut-CRFS-18 samples. The division by the time derivative of the reference measurement
caused high fluctuations of the relative distortion at the time
points of low field changes, i.e., low slope in the chirp gradient course. The field change was low especially at the beginning and at the maxima and minima of the chirp gradient.
Neglecting the statistical fluctuations, the relative distortion
was constant over time. The same behavior can also be
observed for the relative distortion of the Fut-CRFS-11
samples.
The temporal mean values were calculated from Fig. 10
and are presented in Fig. 11 for all samples. We added a linear fit for each carbon fiber composite material. A linear

×10−6

0.65 mm Fut-CRFS-18
1.25 mm Fut-CRFS-18

relative distortion / s

2

1.85 mm Fut-CRFS-18
2.5 mm Fut-CRFS-18

1.5

1

0.5

0

−0.5
0

0.002

0.004

0.006

0.008

0.01

time / s
FIG. 10. Relative distortion for all Fut-CRFS-18 samples. [Color figure can be viewed at wileyonlinelibrary.com]
Medical Physics, 45 (4), April 2018

1421

Gross-Weege et al.: Evaluations of MRI shielding materials

FIG. 11. Temporal mean of the relative distortion for all samples. [Color figure can be viewed at wileyonlinelibrary.com]

dependency of the relative distortion on the thickness of the
sample was observable. The largest distortion was caused by
the 12-lm-thick copper sample. For all carbon fiber composite samples, the relative distortions were at least a factor of
seven lower than for the 12-lm- thick copper sample. The
distortion caused by the Fut-CRFS-11 was a factor of about
2.6 lower than the distortion caused by the Fut-CRFS-18 of
the same sample thickness.
3.C. Shielding effectiveness
The measurement results of the shielding effectiveness are
presented in Fig. 12. The measurement without the coil
showed a sensitivity limit of about 90 dB, decreasing to frequencies higher than roughly 100 MHz. The shielding effectiveness of all samples was below the sensitivity limit. Only
the shielding effectiveness of the 2.5-mm-thick Fut-CRFS- 18
sample reached the sensitivity limit at 100 MHz and
decreased to higher frequencies similar to the measurement
without the coil.
The shielding effectiveness of the 1.85-mm-thick FutCRFS-18 sample was on a similar level as the shielding

1421

effectiveness of the 12-lm-thick copper sample for frequencies higher than 60 MHz. The shielding effectiveness of a
Fut-CRFS-18 sample was approximately as high as the
shielding effectiveness of a Fut-CRFS-11 sample of twice the
thickness.
The shielding effectiveness strongly depends on the frequency. It increased for all samples to higher frequencies,
except for the 2.5-mm-thick Fut-CRFS-18 which reached the
sensitivity limit. The slope of the shielding effectiveness
curve was steeper for the carbon fiber composite samples
than for the copper sample. Therefore, the shielding effectiveness curve of the 12-lm-thick copper sample intersects the
shielding effectiveness curve of the 1.85-mm- and 2.5-mmthick Fut-CRFS-18 sample.
Figure 13 shows the shielding effectiveness versus the
sample thickness at 63.9 MHz, i.e., the 1H frequency at 1.5T, including a linear fit for each carbon fiber composite material. The thickness of a sample was roughly proportional to
the shielding effectiveness in decibel.
3.D. Inﬂuence on MR image
The MR images are depicted in Figs. 14(a)–14(d). Figure 14(a) shows the reference image without a sample. Figure 14(b) was acquired with the 12-lm-thick copper sample
and ghosting artifacts were observable. The coronal cross
section of the phantom in Fig. 14(c), measured with the 2.5mm-thick Fut-CRFS-18 sample, is clinched. Fig. 14(d), measured with the 2.5-mm-thick Fut-CRFS-11 sample, looks
similar to Fig. 14(a), meaning that no distortion is visible.

4. DISCUSSION
4.A. Gradient transparency
A strong distortion of the magnetic field was observable at
time points of high field changes in the chirp gradient course

FIG. 12. Frequency-dependent shielding effectiveness for each sample. Additional measurement with the unplugged RF coil showing the sensitivity limit is
colored in gray. [Color figure can be viewed at wileyonlinelibrary.com]
Medical Physics, 45 (4), April 2018
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the MRI. Due to the slew rate limitation of the gradient system, the gradient strength and therefore the sensitivity of the
method drops for higher frequencies.
The method could also be enhanced to measure contactlessly the conductivity of metals in the frequency range of the
gradients similar to the approach of Bean et al.29
4.B. Main ﬁeld distortion

FIG. 13. Shielding effectiveness at 63.9 MHz for each sample. [Color figure
can be viewed at wileyonlinelibrary.com]

and therefore stems from the eddy currents induced in the
samples. Figure 10 shows that the relative distortion was
roughly constant except for the statistical fluctuation over the
measurement time. The conductivity of the material was
almost constant in the frequency range from 0 to 10 kHz.
The mean relative distortion of the copper sample was at
least a factor of seven higher than the field distortion of all carbon fiber composite samples, which demonstrates that the conductivity of copper is much higher in the frequency range of
the gradient fields. It is even more noteworthy given the fact
that the carbon fiber composite samples were much thicker.
Since the sample thickness is proportional to the conductance,
a linear dependency on the field distortion was measured.
The relative distortion of the Fut-CRFS-18 samples was
about a factor of 2.6 higher compared to the Fut-CRFS-11
samples for the same sample thickness, revealing the higher
conductivity of the Fut-CRFS-18 carbon fiber composite.
With the measurement method presented in this paper, we
showed a high sensitivity to magnetic field measurements
and, thus, magnetic field distortions. In contrast to the established characterization with arbitrary MR imaging sequences,
the method enables to measure the complete gradient time
course and allowed a precise classification of the samples
regarding the gradient transparency. In principle, even higher
sensitivities could be reached by either improving the field
homogeneity inside the NMR probe or increasing the number
of signal averages.
Furthermore, the relative distortion could be measured for
higher frequencies that are limited by the gradient system of

(a)

(b)

Since the magnetic susceptibility of copper is very low,
nearly no main field distortion was observable. The
same holds true for the susceptibility of the Fut-CRFS-11
samples. The Fut-CRFS-18 samples strongly disturbed the
main field indicating that the Fut-CRFS-18 material comprises a magnetic component. A linear dependency of
the main field distortion on the samples’ thicknesses
was observable because of a linear increase of the susceptibility.
4.C. Shielding effectiveness
Only the shielding effectiveness of the 2.5-mm-thick FutCRFS-18 sample reached the sensitivity limit for frequencies higher than 100 MHz. The decrease of the shielding
effectiveness for frequencies higher than 100 MHz was
caused by the coupling between the two cables. The sensitivity limit can be increased by using a network analyzer
with a better amplifier or a better shielding of the two
cables.
The shielding effectiveness for carbon fiber composite
samples decreased more rapidly to lower frequencies compared to the copper sample. Considering the results of the
eddy current measurements, which state a low conductivity
of the carbon fiber composite samples for frequencies in the
kHz range, it indicates that the decrease of the shielding
effectiveness to lower frequencies was caused by a lower conductivity.
The dependence of the thickness of a sample on the
shielding effectiveness in decibel was approximately linear
according to the model of White, which predicts the shielding
effectiveness for composite materials.15,30 The same relationship also applies for thin plane metal sheets, e.g., copper
sheets, following the Schelkunoff formula.31

(c)

(d)

FIG. 14. MR images acquired with an EPI FFE sequence: (a) without a sample, (b) the 12-lm-thick copper sample, (c) the 2.5-mm-thick Fut-CRFS-18 sample,
(d) the 2.5-mm-thick Fut-CRFS-11 sample.
Medical Physics, 45 (4), April 2018
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4.D. Inﬂuence on MR image

CONFLICTS OF INTEREST

The quantitative results of the main field distortion
and gradient transparency are clearly visible in the image.
Ghosting artifacts are observable in the image acquired
with the copper sheet, which were caused by the field
distortion induced by the eddy currents. The image
acquired with the Fut-CRFS-18 sample does not show
ghosting artifact because of the high gradient transparency, but is clinched because of the high main field
distortion.
A gradient-intense sequence was used that is very sensitive
to magnetic field distortions. However, larger RF shields than
the (10 9 10) cm2 samples are needed to shield a complete
PET detector. Especially the relative distortion increases
strongly with the area of the conductive material. Furthermore, positions near to the gradient coil will increase the
strength of the induced eddy currents and, therefore, the
distortion.
The static main field distortion depends on the distance of
the FOV to the RF shield but is independent of the position
of the RF shield inside the MRI. To some extent, it could be
reduced by applying shimming.

The authors have no relevant conflicts of interest to
disclose.

5. CONCLUSION AND OUTLOOK
We presented very sensitive methods to characterize the
shielding parameters of different materials. We developed
an NMR probe to measure and analyze the main field
distortion and the gradient transparency. The shielding
effectiveness was characterized using a network analyzer.
Copper and the Fut-CRFS-11 showed a very low main
field distortion contrary to the Fut-CRFS-18 that showed a
static field distortion up to 2.7 pm 1 cm in front of the
sample. The relative distortion of all carbon fiber composite samples was at least a factor of seven lower than the
relative distortion of the copper sample. Thus, the FutCRFS-11 was the best material to minimize artifacts of
the MRI. However, its shielding effectiveness of up to
45 dB at 64 MHz was lower than the shielding effectiveness of the other two materials. In following works, the
required shielding effectiveness will be evaluated. Furthermore, we are working on improving the shielding effectiveness of the Fut-CRFS-11 and characterizing other
materials.
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