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The aluminum shielded room has been an important part of ultra-low-field magnetic resonance imaging (ULF MRI)
based on the superconducting quantum interference device (SQUID). The shielded room is effective to attenuate the external
radio-frequency field and keep the extremely sensitive detector, SQUID, working properly. A high-performance shielded
room can increase the signal-to-noise ratio (SNR) and improve image quality. In this study, a circular coil with a diameter
of 50 cm and a square coil with a side length of 2.0 m was used to simulate the magnetic fields from the nearby electric
apparatuses and the distant environmental noise sources. The shielding effectivenesses (SE) of the shielded room with
different thicknesses of aluminum sheets were calculated and simulated. A room using 6-mm-thick aluminum plates with a
dimension of 1.5 mx1.5 mx2.0 m was then constructed. The SE was experimentally measured by using three-axis SQUID
magnetometers, with tranisent magnetic field induced in the aluminum plates by the strong pre-polarization pulses. The
results of the measured SE agreed with that from the simulation. In addition, the introduction of a 0.5-mm gap caused the
obvious reduction of SE indicating the importance of door design. The nuclear magnetic resonance (NMR) signals of water
at 5.9 kHz were measured in free space and in a shielded room, and the SNR was improved from 3 to 15. The simulation
and experimental results will help us design an aluminum shielded room which satisfies the requirements for future ULF
human brain imaging. Finally, the cancellation technique of the transient eddy current was tried, the simulation of the
cancellation technique will lead us to finding an appropriate way to suppress the eddy current fields.

Keywords: shielding effectiveness, aluminum shielded room, eddy current cancellation technique, supercon-
ducting quantum interference device, ultra-low-field magnetic resonance imaging

PACS: 07.55.Nk, 85.25.Dq, 87.61.—c

1. Introduction

Ultra-low-field magnetic resonance imaging (ULF MRI),
working in the magnetic fields in the order of tens to hun-
derds of micro-tesla (uT), is becoming increasingly popular.
Compared with traditional high-field MRI, ULF MRI has sev-
eral significant advantages,!!! for example, capable of imag-
ing in the presence of metallic objects,”! contrast enhance-
ment between cancerous and benign tissues,?! simultaneous
functional and anatomical imaging of the human brain with
magnetoencephalography (MEG) and MRL*! etc. Practi-
cally, the acquisition of high quality images with ULF MRI
has been challenging. Two methods have been commonly ap-
plied to improve the signal-to-noise ratio (SNR). The first one
is the pre-polarization technique.!® The signal amplitude can
be increased by using a pulsed prepolarization field (B,) much
stronger than the static field (Bg), which determines the sig-
nal frequency, so that the initial nuclear magnetization is now
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proportional to B, and independent of Bo.!”l The second so-
lution is to use superconducting quantum interference devices
(SQUIDs) as the detecting sensors. SQUID is a flux sensor
with extremely low intrinsic noise (only a few fT/Hz!/2). As
a result, it is a promising choice for ULF NMR & MRI appli-
cations. Because the By field of ULF MRI is on the order of
Earth’s field, the influence of the environment magnetic field
can be significant. Low-frequency fluctuations, 819 typically
(< 10 Hz) and the static gradient!!:1?] of the environmental
magnetic field can degrade the SNR, and cannot be shielded
by aluminum sheets. These challenges were successfully over-
come by using the active compensation!'3! and the full-tensor
gradient compensation.!'!] Besides, the strong white noise and
power-line harmonics affect the signal in the MRI signal band,
so we setup the entire system in an aluminum shielded room.
Shielding of ULF MRI systems can be realized by us-
ing two different types of materials: high magnetic perme-
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ability materials or high electrical conductivity materials.!'4]

Usually, a magnetically shielded room can use both materials,
but a conductively shielded room only uses the high conduc-
tivity materials such as aluminum.[!>! Some groups who fo-
cused particularly on hybrid anatomical and functional brain
imaging, i.e., the combination of MRI and MEG, developed
their systems in magnetically shielded rooms. In contrast, the
UC Berkeley group only used aluminum sheets to construct a
shielded room for the structural brain imaging and relaxation-
time-contrast (T1-contrast) imaging.!'*-!8) In this design, the
sizes of aluminum sheets were reduced and the neighboring
plates were weakly connected to reduce the time constants of
eddy currents in the sheets, which were induced by the strong
By, pulse. This design may provide adequate shielding for the
ULF MRI system. A shielded room with 3-mm-thick alu-
minum sheets was constructed in our laboratory similar to the
design of the UC Berkeley group.!'6-'8! Since our laboratory
sits in a downtown location and the magnetic field in the labo-
ratory is heavily polluted by the ambient magnetic field noise,
the shielding factors of this 3-mm-thick shielded room may
not meet the requirements of ULF MRIL

In the current study, the shielding factors of alu-
minum shielded rooms with different thicknesses were com-
pared by theoretical calculation and simulation. A new
6-mm-thick aluminum shielded room with a dimension of
1.5 mx1.5 mx2.0 m was designed and constructed for ex-

10° T
(a) ——in free space
27 104 4 ——in shielded room
N
= 10°
g
g
£ 1075
B
£ 10!
<
100 T T T
100 10! 102 103 10
Frequency/Hz
10
(b) ——in free space
a —— in shielded room
T 1034
S
o
H
=
)
s}
Z
A
g
£
<

4.5 5.0 5.5 6.0 6.5

Frequency/103 Hz

vivo tissue imaging. Three-axis SQUID magnetometers were
used to measure the pratical SE of the shielded room in the
static and fluctuated field to examine the shielding effects on
the nearby electric apparatus and the distant environmental
magnetic field noise sources, respectively. We showed the
measured noise, and the proton nuclear magnetic resonance
(NMR) signals of water in free space and in the shielded room.
Finally, we proposed a transient residual field cancellation
technique and performed the simulation demonstrated.

2. ULF MRI system

Our ULF MRI setup shown in Fig. 1 consists of the MRI
coil system and a commercial liquid helium (LHe) Dewar,
which provides the cryogenic working environment for the
low-T.. SQUID sensor. The coil system includes the coil pairs

Fig. 1. (color online) Schematic diagram of the ULF MRI system. The
imaging gradient coil pairs are not drawn for simplicity.
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Fig. 2. (a) Broadband noise specturm, and (b) noise in image bandwidth measured by the second-order SQUID gradiometer in the free space
(black), and in the 3-mm-thick shielded room (gray). Panels (c) and (d) are the broadband noise and image-band noise spectra measured in the

free space (black), and in the magnetically shielded barrel (gray).
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to generate the By field, the B; excitation pulse, and the B,
field to cancel the vertical component of the Earth’s field, re-
spectively. The strong B, pulse is generated by a water-cooled
copper coil. A home-made wire-wound second-order SQUID
gradiometer was used to acquire the MRI images. The diame-
ter and the baseline of the gradiometer are 22 mm and 50 mm,
respectively.

Typical noise spectra measured by the second-order
SQUID gradiometer are shown in Fig. 2. Strong power-
line harmonics noise peaks below 10 kHz can be seen in
Fig. 2(a). In the imaging bandwidth (Fig. 2(b)), the peak
amplitude of 50 Hz harmonics reaches up to 40 fT/Hz'/2.
Those peaks reduce the imaging quality and narrow the signal
bandwidth.[8-111 In addition, the 3-mm-thick shielded room
attenuates white noise by only 2.5 dB. For comparsion pur-
poses, the system noise, dominated by the Dewar noise and
the sensor noise, was measured in a magnetically shielded
barrel, constructed by 5-layer p-metal (Figs. 2(c) and 2(d)).
The Dewar noise and the sensor noise were 3 fT/Hz!/ 2 re-
spectively. The system white noise was measured to be about
5 fT/Hz!/2. Considering the harsh magnetic field environment
in the laboratory, a new shielded room with better shielding
performance was designed and constructed. Our goal was that
the new shielded room can attenuate the white noise by 6 dB,
or reduce the noise to be below the system noise. For the pur-
pose of ex-vivo tissue imaging, the ULF MRI coil system was
designed as compact, such that the size of the shielded room
can be reduced with lower cost. In the following sections, the
design, simulation, and the measurement of the performance
of the shielded room are discussed.

3. Theoretical calculation and simulation of the
shielding factors with different thickness of
aluminum

3.1. Conductive shielding theory

Eddy current shielding takes place when the plane elec-
tromagnetic waves enter a conductor. The induced eddy cur-
rent will produce a magnetic field opposite to the direction
of the time-varying external magnetic fields, and the shielded
room is used to attenuate external environmental noises. The
magnetic field will be damped exponentially with the penetra-
tion or skin depth § given by!!"]

6 =/ (p/mHopif), M

where p is the resistivity, Uy the permeability of a vacuum,
Uy the relative permeability, and f the frequency of the time-
varying electromagnetic wave.

At low frequencies, when the thickness of the high elec-
trical conductivity sheets  is less than &, the surface eddy cur-
rent shielding dominates. For a model of a rectangular tube,

the shielding factor S is given by!!3]

S=y/ 1+ (7)), ©)

_ TUofwht
T wrmp

and, w, h, and ¢, are the width, height, and thickness of the
tube, respectively. @ = 27 f corresponds to the angular fre-

where

= wht /(w+h)8?, 3)

quency, and 7 is the time constant of the rectangular tube in
response to the external magnetic field.

At high frequencies that lead to r < §, the exponential de-
cay of the field inside the conductor should be considered and

the shielding factor can be written as!'”]

) les)l e

According to Egs. (2) and (4), the theoretical shielding effec-
tiveness (SE) SE = 201og(S) can be calculated. Figure 3(a)
shows that the calculated SE is a function of frequency for dif-
ferent thicknesses of aluminum sheets ranging from 3 mm to
7 mm. The SE at the signal frequency of 5.5 kHz may reach
94 dB when the aluminum thickness is 6 mm.

3.2. Simulation of the shielding effectiveness (SE)

SE depends on the aluminum sheets, as can be seen from
Fig. 3(a). Several published studies!!”>!! have shown that
the measured SE is lower than the theoretical values as cal-
culated by Egs. (2) and (4). There is no exact theory or for-
mula which can be used for calculation of the practical SE

(191 In order to gain an actual

at frequencies above 10 Hz.
reference, we simulate the new shielded room using a com-
merical finite element analysis software. The simulation can
be divided into three steps: pre-processing, calculation, and
post-processing. In the pre-processing step, the modeling is
done according to the dimesions of the shielded room and the
size of our system setup. The shielded room dimensions are
1.5 mx 1.5 mx2.0 m, and the type of aluminum alloy is 6061.
Then we mesh the model and calculate the magnetic fields at
the sample position. In post-processing, the shielding effec-
tiveness SE = 20log(B¢/B) is calculated with the magnetic
field By in the free space without shielding and the magnetic
field B in the shielded room. The simulated results are shown
in Fig. 3(b). The SE increased with the increase of the sheet
thickness from 3 mm to 7 mm, which agreed with the the-
oretically calculated results. Note that, at the frequency of
5.5 kHz, the SE of the room is about 67 dB when the thick-
ness of Al plate is 6 mm. The comparison between the cal-
culation and simulation results showed that the shielding per-
formance in the kHz range cannot be calculated with simple
and accurate formula, which is in agreement with the conclu-
sion from Ref. [20]. Considering the gaps existing between
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the plates and the door, the simulated SE of the room is usu-
ally better than the actual values. Consequently, a model of the
new shielded room with a 0.5-mm gap between one plate and
the door was developed, referring to the seams existing in the
3-mm-thick shielded room. The simulated results are shown
in Fig. 3(c). The SE agreed with the results in Figs. 3(a) and
3(b). However, the SE at 5.5 kHz reduced from 67 dB to only
26.4 dB when the aluminum thickness is 6 mm, and the SE at
5.5 kHz is 25.5 dB when the thickness is 5 mm. Our goal for
the SE of the new shielded room is 3.5 dB higher than the 3-
mm-thick shielded room (23 dB). After overall consideration
of the room weight and cost, aluminum sheets with a thickness
of 6-mm were chosen to construct the shielded room.
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Fig. 3. (color online) Theoretically calculated (a) and simulated (b) SE as
a function of frequency for different thicknesses of aluminum sheets. (c)
Simulated results with a 0.5-mm gap between one plate and the door.

4. Experiments in the 6-mm-thick shielded room

Figure 4(a) shows the schematic diagram of the system.
The shielded room was built using the same dimensions as the
simulated model. The 6-mm-thick plates were tightly bolted to
the wooden supporting frame using stainless steel bolts. The
door was suspended on four stainless steel hinges. The con-
ducting fabric was attached to the outer frame of the door to
prevent electromagnetic interference (EMI) from the external
environment.

(a)

Fig. 4. (color online) (a) Schematic diagram of the system. Coils A and
B represent the square coil and the circular coil, respectively. The three-
axis SQUID magnetometers are placed in the Dewar. The rectangular
cylinder is the 1.5 mx 1.5 mx2.0 m shielded room, and the shaded rect-
angle is the door. (b) The SQUID chip with a size of 4 mm x4 mm. The
inductance of the SQUID chips is 190 pH. (c) The frame of three-axis
magnetometer.

Generally speaking, two noise sources may influence the
performance of our system. The first one is the environmen-
tal magnetic field noise. Usually the environmental noise is
produced by distant noise sources and may be considered as
a time-varying uniform field in the system region. The other
noise source is the nearby electric apparatus, which produces
a non-uniform field near the sample. In order to examine the
performance of our newly designed shielded room for iso-
lating the time-varying uniform components and fluctuated
magnetic fields, a large square coil A with 2-m length (the
number of turns N = 50) was used to produce a time-varying
uniform field (Fig. 4(a)). The coil A was placed in front of
the door with its axis perpendicular to the door, because the
shielding effect of the shielded room was limited by the door
gaps. In addition, a small circular coil B with 50-cm diam-
eter (N = 12 turns) was located behind the room to simulate
the field noise generated by the system electric apparatus. The
coil B was used to optimize the distance to place the system
equipment. For both coils the SE of the room was measured
with different distances between the room center and the coil.
The distances are 1.6 m, 1.75 m, 1.9 m, 2.1 m, 2.25 m, and
2.4 m, respectively. At 2.25 m, the SE at different frequen-
cies ranging from 90 Hz to 11 kHz was obtained by feeding
the current to the coils using a Kikusui Bipolar Power Supply
(PBZ 20-20).

Home-made three-axis SQUID magnetometers (as shown
in Figs. 4(b) and 4(c)) were employed to measure the horizon-
tal components By, By, and the perpendicular component B, of
the environmental magnetic field, with the total magnetic field
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\/ (B2 + B2+ B2) at the positions where
the specimens were placed. Similarly, the magnetic field By

calculated from B =

in the free space without shielding was measured. The shield-
ing factor can be calculated by S = B/ B. The results of SE
measurement are shown in Fig. 5.

For the effects of homogenous distant magnetic noise
(Fig. 5(a)), the comparision among the results from the theo-
retical calculation, the simulation with and without the 0.5 mm
gap between one plate and the door, as well as the measure-
ments, was found that the latter three cases showed quite sim-
ilar trends with the increase of the frequency. In contrast, the
SE of the theoretical curve rises quicker than the other three
curves when the frequency increases. The measured SE is
slightly better than the simulation with a 0.5-mm gap between
one plate and the door, because in the actual shielded room,
the narrow slits between the plates are covered by aluminum
foil tapes and the gaps between the plates and the door were
covered by conducting fabrics.
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Fig. 5. (color online) (a) Shielding effectiveness as a function of fre-
quency with coil A 2.25 m away from the sample position for theoretical
calculation (black square), the simulation without (red circle) and with
a 0.5-mm gap (blue triangle), and the measured results (pink inverted
triangle). (b) Shielding effectiveness at 5.5 kHz for different distances.

For the case of coil B, as shown in Fig. 6(a), similar rela-
tionships exist among the results from calculation, simulation,
and measurements as shown in Fig. 5(a). Considering that the
seams behind the room are narrower than those in the front of
the room, a gap of 0.1 mm between Al alloy plates was set

in the simulation. The measured SE is very close to that of
the simulation with a 0.1-mm gap. Note that the measured SE
for coil B is higher than the value for coil A, but their simu-
lation results with no gap are almost the same. For example,
the SE for coil B is about 40 dB at 5.5 kHz, 10 dB higher than
that for coil A. This difference is due to the leakage through
holes and gaps near the door, which is in the vicinity of coil A.
Therefore, simulation with considering the seams may be the
optimal method to improve the design of the shielded room.

The results of SE, as a function of coil distance, were also
measured as shown in Fig. 5(b) and Fig. 6(b). The discrepancy
between the two figures indicates that the SE for coil B slightly
changes with the distances, and the SE reduces from 44 dB to
39 dB. It is because when the small exciting coil is close to
one of the walls of the room, the shielding currents are in-
duced only in that wall but not in the other walls.!"*! From the
experiments, we concluded that the electric apparatus should
be as far away from the room as possible, at least as far as the
length of the shielded room.
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Fig. 6. (color online) (a) Shielding effectiveness as a function of fre-

quency with coil B 2.25 m away from the sample position for theoretical

calculation (black square), the simulation without (red circle) and with

a 0.5-mm gap (blue triangle), and the measured results (pink inverted

triangle). (b) Shielding effectiveness at 5.5 kHz for different distances.
The magnetic field noise in the newly designed shielded
room and in the free space of the laboratory were then mea-
sured with the second-order gradiometer. The noise spectra are
shown in Fig. 7. The power-line harmonics in the newly de-

signed shielded room is effectively eliminated in the imaging
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frequency bandwidth from 5 kHz to 6 kHz, and the white noise
level was reduced from 20 fT/Hz!/2 to 10 fT/Hz'/2. The new
shielded room can attenuate the white noise nearly by half,
which meets the design requirements.
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Fig. 7. (a) Broadband noise spectrum and (b) noise in image frequency
bandwidth measured by the second-order SQUID gradiometer in the
free space (black), and in the shielded room (gray).

Figures 8(a) and 8(b) show the proton NMR signals of
water at 5.9 kHz in free space and in the shielded room, re-
spectively. During the measurement, the B, coil has to be
placed 130 mm away from the Dewar due to the interference
from the external radio-frequency fields, the By field at the
sample is only about 10 mT. The white noise can reach up to
30 fT/Hz!/ 2 and the SNR is less than 3. In contrast, the radio-
frequency field can be attenuated effectively in the 6-mm-thick
shielded room. Consequently, the distance between the B, coil
with Dewar is shortened to be about 90 mm and the B, field
reaches 20 mT at the sample position. The white noise is at-
tenuated to 10 fT/Hz'/2. Because the strong B, pulse induces
transient currents in the walls of the surrounding conductive
shielded room, we have to wait about 90 ms until the SQUID
electronics can be locked, which loses the very initial part of
the signal. Therefore, the SNR reaches to 15 in the shielded
room.

The SE and the SNR of the 6-mm-thick shielded room
satisfy the design requirements for ULF MRI experiments.
When the system was upgraded for ex vivo tissue studies us-
ing a large, water-cooled polarizing coil, the transient mag-
netic fields produced by the induced eddy currents in alu-
minum plates would interfere with the measurements. The

eddy current fields will deteriorate the homogeneity of By and
the linearity of the imaging gradient fields. In addition, the
strong eddy current fields will exceed the dynamic range of
the SQUID readout electronics and prolong the system dead
time. The decay time of the eddy-current induced transient
fields is determined by the response time constant!!?!

owht

Mo 5)
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Fig. 8. NMR signals at 5.9 kHz (a) in the free space, and (b) in the
6-mm-thick shielded room.

By measuring the eddy current field response to square
wave, the measured response time of the newly designed
shielded room is about 23 ms. The decay of eddy current field
could last more than 100 ms, and thus an effective eddy current
cancellation technique is needed for future ULF MRI experi-
ments. Finite analysis software was used to simulate how to
cancel the influence of the transient residual fields, as shown in
Fig. 9(a) for the model of our cancellation technique. Two ax-
ial perpendicular Helmholtz coils were designed to neutralize
magnetic fields at the sample position generated on the alu-
minum plates by the B, coil. The distance between the cen-
ter of the upper part of the Helmholtz coil and the center of
the shielded room is 0.5 m. The radius of the coil is 0.5 m
(N = 140 turns). The lower part of the coils are similar to the
upper part, only the position is the opposite. The results are
shown in Fig. 9(b). The response time constant in this sim-
ulated model was 27 ms, which agrees with the experimental
results. When the B, field was 53 mT, the transient residual
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field at the sample position can be reduced from 215 pT to
15 uT. The transient field can be further attenuated to 5 uT
in 50 ms after the cutoff of By, current. The simulated results
showed that the cancellation model satisfied our requirements
for ULF MRIL

@
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Fig. 9. (color online) (a) The sketch of the simulated cancellation sys-
tem, (b) the transient residual field with (red dashed line) and without
(black solid line).

5. Conclusions and outlook

In this paper, the SE of the aluminum shielded room
was compared among the results of experimental measure-
ments, and the calculation and simulation results. A shielded
room with 6-mm-thick aluminum plates was designed and
constructed. The measured SE and the noise spectra demon-
strated that this shielded room meets the preliminary require-
ments for attenuating the white noise as well as the power-line
harmonics in the imaging frequency bandwidth. The SNR of

the NMR signal was improved by a factor of 5 in the newly
designed shielded room. Finally, the finite element analysis
was used to verify the proposed cancellation scheme and ob-
tain the relevant parameters. To further validate our analysis
and the design of shielded room, more experimental results
are needed to prove this eddy current cancellation technique,
particularly, ex vivo tissue images will be acquired.
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