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Abstract—We have analyzed the possibility to construct multichannel magnetoencephalography (MEG) systems based on
high-Tc direct current superconducting quantum interference
devices (DC SQUIDs) with graphoepitaxial step edge Josephson
junctions. A new layout of multilayer high-Tc superconducting
flux transformers was tested and a new type of high-Tc DC
SQUID magnetometer intended for MEG systems was realized.
These magnetometers have a vacuum-tight capsule of outer
√ diameter 24 mm and a magnetic field resolution of ∼4 fT/ Hz
at 77 K. Crosstalk between adjacent sensors was estimated and
measured for in-plane and axial configurations. The vibration-free
cooling of sensors, minimization of the sensor-to-object distance
and optimization of the sensor positions as well as the gantry
design are discussed. Our findings may have implications for the
next generation of non-invasive imaging techniques that will be
used to understand human brain function.
Index Terms—Josephson junctions, magnetoencephalography,
magnetometers, SQUIDs.

I. I NTRODUCTION

T

HE IMPORTANCE of developing a new generation of
non-invasive imaging techniques that can be used to understand human brain function is reflected, for example, in
the “Human Brain Project” (EU) and the “BRAIN Initiative”
(USA). Multichannel MEG systems that are based on low temperature SQUIDs are well developed and routinely used for the
non-invasive investigation of multiple time-dependent sources
of weak magnetic field generated by the human brain. MEG
systems that are based on sensitive high-Tc SQUIDs promise
to improve signal-to-noise ratio and to provide better source
characterization by reducing the SQUID-to-scalp separation
[1]. In a high-Tc system, one can achieve significant savings in
energy and operational cost, in particular by avoiding problems
with the supply of liquid helium [2], [3]. A single-channel MEG
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system based on high-Tc DC SQUID flip-chip magnetometers
with a 16 mm ×16 mm multilayer flux transformer
has achieved
√
a magnetic field resolution of ∼4 fT/ Hz at 77.4 K [4], [5],
which is similar to the magnetic field resolution of individual
channels in commercial MEG systems based on 28 mm × 28 mm
low-Tc SQUIDs [6].
The magnetic signals that are detected by MEG originate
from neocortical columns, each of which consists of ∼50 000
pyramidal cells with a net current ∼10 nA. The magnetic fields
measured by MEG are ∼100 fT in the frequency range 1 Hz
to 1 kHz. A spatial resolution of the MEG system of a few
mm for such sources is usually sufficient. These values result
in mutually dependent restrictions on the sensitivity, size and
positioning of the SQUIDs: A reduction in the size of the
sensors and in their proximity to the neural sources in the brain
can partially compensate for a loss in sensitivity. On the other
hand, more sensitive sensors allow for greater flexibility in the
construction of the system. High-Tc SQUIDs can be cooled in
cryostats that have fewer radiation shields and can be placed
much closer to the outer wall than low-Tc SQUIDs. Assuming
a similar field resolution and similar sizes of the sensors, the
signal-to-noise ratio obtained during the detection of superficial
and/or shallower sources of neuromagnetic signals by a high-Tc
MEG system can be higher than for a low-Tc MEG system. At
least 40% more information can be obtained using a high-Tc
MEG system when compared to the state-of-the-art in low-Tc
MEG systems [7].
The first source localization of brain activity using a single
channel high-Tc system for MEG was demonstrated recently
[8]. Taking into consideration possible systematic temporal
drifts in the physiological and functional condition of the investigated brain area during the measurements, at least ten simultaneously operating channels are required for better diagnosis in
practical applications of high-Tc MEG systems: for example,
7 signal channels and 3 reference channels. The construction
of high-Tc MEG systems with more than 100 channels would
be the next step in this development. However, multichannel
high-Tc MEG systems have not yet been realized because of
a number of issues associated with the integration of high-Tc
SQUID magnetometers into the dense arrays of sensors that are
required for MEG systems. Here, we describe these problems
and suggest some solutions. First, we describe the properties of
high-Tc SQUIDs that are essential for the construction of multichannel systems. Several issues, including crosstalk between
the sensors, vibration-free cooling of sensors, minimization of
the sensor-to-object distance, as well as optimization of the
sensor positions and gantry design, are discussed.
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II. H IGH -Tc SQUID M AGNETOMETERS
In a sufficiently magnetically well shielded room, it is
preferable to use magnetometers instead of gradiometers for
improved sensitivity to deep and/or distant sources. The magnetometers can be made fully with thin film technology, avoiding
the use of superconducting wires. This results in comparable
capabilities for high-Tc and low-Tc SQUIDs.
Multichannel high-Tc MEG systems comprise many highTc SQUIDs, some of which may require replacement over
time. Although the technology required for producing low noise
high-Tc SQUID magnetometers for MEG has been developed
(see [5] and [9] and references therein), it is still not a mass
production technology. Scaling to a higher production rate can
be achieved by using parallel processing and/or larger single
crystal MgO wafers, which are available in sizes of up to
∼10 cm. High oxygen pressure sputtering allows deposition of
large homogeneous areas of high-quality stoichiometric epitaxial heterostructures of superconducting cuprates with a mirrorlike surface and superior electron transport properties [10].
The typical superconducting transition temperatures and critical
current densities of YBa2 Cu3 O7−x (YBCO) films obtained
by this method are ∼93 K and ∼6 · 106 A/cm2 at 77.4 K,
respectively.
Epitaxial oxide thin-film heterostructures, including thin
films of the superconductor YBa2 Cu3 O7−x (YBCO) have
demonstrated a broad range of prospective applications. The
further development of high-Tc superconducting devices is
partially supported by the rapid development of metal-oxide
heterostructures for applications such as room temperature
resistive switching devices. We have observed large bipolar
resistive switching in heterostructures that contain YBCOSrTiO3 interfaces, confirming results reported elsewhere [11].
Studies of the physical properties of epitaxial YBCO-SrTiO3
heterostructures and other epitaxial heterostructures containing
YBCO are essential for the production of low noise highTc SQUID magnetometers and gradiometers. For example,
oxygen transport through epitaxial SrTiO3 insulating films is
important for resistive switching devices and for oxygenation
of the bottom superconducting layer in multilayer high-Tc
superconducting flux transformers.
The most suitable high-Tc SQUID magnetometers for multichannel systems from a price and quality point of view were
recently developed [5]. These SQUIDs are based on highTc step-edge Josephson junctions, which are fabricated from
specially oriented YBCO films grown on graphoepitaxially
buffered steps on MgO substrates [9], [12]. The predecessors
of such junctions were developed in the CSIRO group (see
[13] and references therein). The cross-sectional areas of the
graphoepitaxial junctions used in the SQUIDs are ∼0.1 μm2 ,
which is about two orders of magnitude smaller than the
cross-sectional area of typical Nb-based low-Tc junctions. Step
edge junctions are also characterized by a larger normal state
resistance Rn ∼ 20 ohm, a higher Ic Rn of ∼0.6 mV at 77.4 K
and a lower capacitance C of ∼10 fF, when compared to
bicrystal high-Tc Josephson junctions [9]. The high resistance
of these junctions leads to large voltage swings of the SQUIDs
(by ∼50 μV), but it promotes coupling to radio-frequency

Fig. 1. (a) A multilayer high-Tc superconducting flux transformer with a
20 mm pick-up loop and a 14-turn input coil and (b) an encapsulated DC
SQUID magnetometer containing such a flux transformer.

(RF) electromagnetic interference and results in the need for
measures to achieve better RF filtering and shielding. The low
capacitance of the Josephson junctions is advantageous for
lowering the intrinsic flux noise of DC SQUIDs [14], [15]:

SΦ ≈ 32kB T L

LC
βC

 12
(1)

where βC = 2πIC Rn2 /Φ0 ≈ 0.4 is the McCumber parameter
and Φ0 = 2.07 · 10−15 T · m2 is the magnetic flux quantum.
The lower operating temperatures of low-Tc SQUIDs are almost compensated by the typically much higher capacitance
of their Josephson junctions (∼1 pF). This property can explain the comparably high sensitivities of high-Tc and low-Tc
SQUIDs in spite of the much higher operating temperature of
high-Tc SQUIDs.
In MEG systems, near-optimal sensitivity of SQUIDs to
magnetic fields can be provided by a superconducting flux
transformer with a 14-turn input coil and a pick-up loop with
an outer diameter of 20 mm. Fig. 1 shows a photograph
of such a flux transformer and a vacuum-tight encapsulated
high-Tc magnetometer (type HTM-D20) intended for assembly into a multichannel MEG system. The capsule has an
outer diameter of ∼24 mm, which is smaller than the 27-mm
capsule for 16-mm magnetometers of type HTM-16 [16]. It
encloses a flip-chip magnetometer, a feedback coil and a heater.
The magnetometer consists of a 20 mm flux transformer that
is inductively coupled to the high-Tc SQUID, as described
in [5].
A schematic 3D layout demonstrating how the high-Tc
SQUID, the superconducting flux transformer and modulation
coil are coupled together is shown in Fig. 2. The 10-turn
modulation and feedback coil has a diameter of 3 mm and is
coupled to a 3 mm pick-up loop which is directly connected
to the SQUID. The input coil of superconducting flux transformer is inductively coupled to 1 mm SQUID washer The
magnetometer has a magnetic field sensitivity of ∼0.4 nT/Φ0
and a magnetic field resolution of ∼4 fT/Hz at 77.4 K (see
Fig. 3). The measurement of the noise spectrum was performed
inside a 3-layer μ-metal shield and an YBCO superconducting
shield.
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Fig. 2. A schematic 3D layout demonstrating how the high-Tc superconducting flux transformer, the SQUID and modulation coil are coupled together.
Fig. 4. Schematic diagram of the setup for measuring crosstalk.

Fig. 3. Noise spectrum of an encapsulated magnetometer in a superconducting shield.
Fig. 5. Crosstalk calculation according to (4) and (5).

III. C ROSSTALK B ETWEEN H IGH -Tc
SQUID M AGNETOMETERS
In multi-channel SQUID systems, an important requirement
is to prevent crosstalk between channels. Linearization of the
output signal of each SQUID in a multichannel system is
provided by modulation and feedback signals to each SQUID
from its feedback coils. Parasitic inductive coupling between
the feedback coil and the pick-up of the neighboring sensors
should be minimized. Such coupling can be expressed in terms
of crosstalk between the SQUID sensors in terms of the ratio
between the flux induced by the feedback coil in a test sensor
Φ1 by a nearby inducing sensor and the flux read by the
inducing sensor Φ2 :
Φ1
M1,2
Φpu
=
≈ 1pu
Φ2
M1,1
Φ2

(2)

pu
where Φpu
1 and Φ2 are the fluxes in the pick-up loops of
these two sensors, M1,1 is the mutual inductance between the
feedback coil and the sensing coil of the inducing SQUID and
M1,2 is the mutual inductance between the feedback coil of
the inducing SQUID and the sensing coil of the test sensor
(see Fig. 4).
Low crosstalk operation of SQUID arrays requires low values of M1,2 and at the same time high values of M1,1 . The
highest value of M1,1 is generally provided by coupling the
relatively large feedback coil to a pick-up loop that has a similar
size, but in this case the value of M1,2 is unacceptably high.
With a fixed size of feedback coil, any increase in M1,1 results

in an increase in M1,2 . In this work, we propose a 3-mm multiturn feedback coil that is inductively coupled to a 3-mm direct
coupled pick-up loop of the SQUID [5].
The feedback coil can be described as a magnetic dipole with
 = INπr2 and a magnetic field
a magnetic moment |m|


 L

 L)

m
μ0 3(m

− 3
(3)
B=
4π
L5
L
 is the distance from the dipole to the point of meawhere L
surement, μ0 = 4π · 10−7 H/m, N = 10, and r = 1.5 mm is the
radius of the feedback coil and the pick-up loop of the SQUID.
The crosstalk is:
√ 2
R −(y−y0 )2
y
0 +R

pu
2x20 −y 2 − z 2
Φ1
μ0 m
≈
(4)
pu
pu
5 dz dy
2 +y 2 +z 2 ) 2
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4πΦ2
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√
0
y −R
0

−

R2 −(y−y0 )2

where R = 1 cm is the radius of the pick-up loop of the neighboring magnetometer. The flux Φ2 induced by the feedback coil
in the pick-up loop of the inducing SQUID:
Φpu
2 ≈

μ0 mr2
3

2 (r2 + x20 ) 2

.

(5)

The result of the calculation of (4) and (5) is shown in Fig. 5,
while experimentally measured data for Φ1 /Φ2 are shown
in Fig. 6.
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Fig. 8. Schematic view of an array of HTM-D20 magnetometers cooled
siDewards in the vacuum space of a liquid nitrogen cryostat.

Fig. 6. Experimentally measured crosstalk for different positions of neighboring sensors and corresponding estimations: 1.)
for a coplanar orientation
(along the Y-axis in Fig. 4) and 2.)
for an axial orientation (along the
X-axis).

Fig. 7. Example of positioning more than 100 encapsulated HTM-D20 magnetometers around a 3D model of the head of an adult human.

A crosstalk of below 1% was achieved at distances of
more than 30 mm in both orientations. This measurement
confirms the possibility to build close-packed arrays of high-Tc
SQUID magnetometers with the proposed configuration of
feedback coil.
IV. I NTEGRATION OF S ENSORS I NTO M ULTICHANNEL
H IGH -Tc MEG S YSTEMS
To take full advantage of high-Tc SQUIDs, they should be
placed in a dense array as close as possible to the scalp and
to neighboring sensors. More than 100 encapsulated HTM-D20
magnetometers can be arranged around the head of an adult
human (see Fig. 7). The problem is the variety of individual
sizes of heads that should be accommodated in a mechanically
adjustable MEG system to maintain close proximity of the
sensors to the scalp.
In principle, each channel can be placed in an individual
cryostat with a small area at its lower end and individually
adjusted to the scalp [17]. The advantage of such a segmented

helmet construction is the possibility to realize a SQUID-toscalp separation down to ∼3 mm by using a very thin wall at
the bottom end of a small cryostat. The main disadvantage is
the increased tangential separation between the channels due
to the sidewalls of the cryostat, leading to the attenuation of
high spatial frequencies in the MEG signals. Multiple cryogen
transfers and cryostat costs are less critical for high-Tc systems
when compared to the low-Tc systems suggested in [17]. One
can use, for example, a single central reservoir with a solid and
liquid nitrogen mixture at a triple point temperature of 63.15 K
and flexible leads for controlled temperature transfer to the
sensors of the individual channels. This approach would solve
the problem of vibration-free cooling of the sensors, which is
especially important for MEG systems.
Another approach is to use several multi-channel systems
with individual cryostats with near-flat bottom ends. Each
cryostat can then enclose, for example, 7 signal channels, as
achieved in a dual seven-channel MEG system from Biomagnetic Technologies, Inc. (see Fig. 2 in [18]). Such a configuration can be used for small region recording and can have
advantages in spatial resolution when compared to a low-Tc
MEG system and a high resolution EEG system [19].
The high-Tc sensors may be placed very close (< 3 mm) to
the scalp by locating them in the vacuum space of the cryostat,
as shown schematically without maintaining the relative dimensions in Fig. 8. In this case, the sensors are fixed inside thermal
conducting sockets and cooled sidewards for example with the
help of vacuum grease. The thermal radiation shields between
the sensors and the warm wall are not shown here. Alternatively,
the sensors can be placed inside individual dimples on the
other side of the cold wall, preferably immersed in liquid
nitrogen.
When constructing the cryostat holder or gantry for a multichannel high-Tc MEG system, one should take into account
that the density of liquid nitrogen (∼0.8 kg/liter) is much higher
than that of liquid helium (∼0.128 kg/liter). A typical 50 liter
cryostat for MEG would be ∼33 kg heavier if it would be
filled with liquid nitrogen. This may require modifications of
contemporary gantries for low-Tc MEG systems.
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