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Flux-ramp modulation

modulation technique that had been originally developed for lineariz-
ing the output signal of a microwave SQUID multiplexer.11 It relies on
injecting a periodic, sawtooth-shaped modulation current signal
IrampðtÞ into the modulation coil of a current-sensing SQUID to
induce a linearly rising flux ramp with an amplitude of several flux
quanta inside the SQUID loop causing the SQUID output voltage to
vary according to its flux-to-voltage characteristic. The flux ramp repe-
tition rate sets the effective sampling rate and, hence, the signal band-
width. It is chosen such that the input signal appears to be quasi-static
within a time frame of the flux ramp. In this configuration, the input
signal leads to a constant magnetic flux offset causing a phase-shift of
the flux-to-voltage characteristic that depends linearly on the actual
amplitude of the input signal. Determining this phase shift, e.g., using
Software-defined radio (SDR)-based readout electronics, provides an
intrinsically linearized measure of the input signal. A phase-shift of 2p
corresponds to a magnetic flux change of one magnetic flux quantum.

Figure 1(a) shows a schematic circuit diagram of a four-channel
multiplexer that is based on our multiplexing approach. Four SQUIDs
(one SQUID for each readout channel) are connected in series and dc-
current biased such that the voltage VSQ across the array is the sum of
the output voltages VSQ;i of the individual SQUIDs. Each SQUID is
equipped with a tightly coupled input coil with mutual inductanceMin

that is connected to the actual signal source, e.g., a superconducting
pickup coil or a cryogenic detector. Furthermore, the SQUIDs are
equipped with modulation coils, each having a different mutual induc-
tance Mmod;i (the choice of values is discussed below), which are seri-
ally connected. By injecting a sawtooth-shaped current signal IrampðtÞ
into these coils, a linearly rising flux ramp is induced inside each
SQUID loop. The actual amplitude of the flux ramp (magnetic flux
signal inside the SQUID loop in units of U0) depends on the mutual
inductance Mmod;i and the amplitude of the modulation current, the
latter being adjusted such that multiple flux quanta are induced inside
each SQUID loop. For this reason, the flux ramp causes the output
voltage VSQ;i of the i-th SQUID to vary according to its flux-to-voltage
characteristic, where the number of periods depends on the height of
the flux ramp [see Fig. 1(b)]. The periodic oscillation of the output
voltage VSQ;iðtÞ of the i-th SQUID, hence, acts as a carrier signal,

which is phase-modulated by the signal source connected to the
SQUID input. In case that the mutual inductancesMmod;i are properly
chosen, the carrier frequencies fc;i ¼ Iramp;ppMmod;iframp=U0 are
unique and can be set by the amplitude Iramp;pp and repetition rate
framp of the modulation signal. Since each time frame of the flux ramp
is used to acquire exactly one sample of the input signal, the flux ramp
repetition ramp framp simultaneously defines the effective sampling
rate of the signal and is, hence, adjusted to the requirements of the spe-
cific application. For this reason, the carrier frequencies are, in prac-
tice, mainly set by the amplitude Iramp;pp of the modulation signal. The
series connection of the individual SQUIDs allows us to sum the car-
riers into the output voltage VSQ across the entire array [see Figs. 1(c)
and 1(d)]. By channelizing this overall output voltage signal VSQðtÞ for
each cycle of the flux ramp using, for example, digital down converters
combined with subsequent low-pass filters, the phase of the individual
carriers can be continuously monitored and acquired in real-time. In
this sense, N signals can be simultaneously read out using only two
bias lines as well as two lines connected to the common modulation
coil. However, the number of readout channels that can be simulta-
neously multiplexed is ultimately limited by wideband SQUID noise,
which adds on the different carrier signals and whose amplitude
increases as

ffiffiffiffi
N
p

.
To demonstrate our multiplexing approach, we designed, fabri-

cated, and characterized a four-channel prototype multiplexer. We
used our well-established fabrication process for Nb/Al-AlOx/Nb-
Josephson tunnel junctions12 as well as a SQUID design that we had
previously developed. The SQUID layout is, hence, not optimized with
respect to this multiplexing application. More precisely, the SQUID
impedance is not matched to the line impedance, the flux-to-voltage
transfer coefficient is not maximized, and the on-chip wiring is not
optimized for transmitting high-frequency signals. We, therefore, had
to expect a reduced signal to noise ratio. Figure 2(a) shows an optical
microscope photograph of one of our fabricated multiplexers. The
common modulation coil and the bias lines are colored in blue and
orange, whereas the input coils are colored in red. In addition to the
electrical contact pads that are required for multiplexer operation and
that are marked with colored dots, additional pads for initial

FIG. 1. (a) Schematic circuit diagram of a four-channel dc-SQUID multiplexer. It is based on a series array of four current-biased dc-SQUIDs, each being equipped with a tightly cou-
pled input and modulation coil. A periodic, sawtooth-shaped current signal IrampðtÞ is driven through the common modulation coil and the voltage VSQ across the SQUID series array is
measured. The currents Isig;iðtÞ represent exemplary input signals as used for demonstration purposes. (b) Modulation current IrampðtÞ (blue) and resulting output voltage VSQ;iðtÞ
(red) of the individual SQUIDs. For better visibility, we used a rather low amplitude of the flux ramp. In actual experiments, the flux ramp amplitude is much higher and several tens of
periods are induced. (c) Output signal VSQðtÞ of the SQUID array. (d) Fast Fourier transform F ½VSQðtÞ% of the voltage signal VSQðtÞ as acquired during one cycle of the flux ramp.
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multiplexing of arrays of SQUIDs

► different flux ramp amplitudes

► different V(Φ) periods

to encode SQUID cannels

► flux changes from all SQUIDs 

► Fourier transform of output signal

are summed

Flux-ramp modulation
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dc-SQUID Readout

Summary
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junctions with barriers from amorphous silicon [56] or HfTi [57]. SQUIDs involving these 
junctions often require bias reversal schemes for low-frequency applications. Also, high-Tc 
SQUIDs are almost always operated with bias current reversal. Detailed reviews on SQUID 
readout including the various bias reversal schemes are found in literature [4,58].  
 
A. Flux-Locked Loop Basics 
 
In principle, a SQUID can be operated in a small-signal mode around the optimum working 
point W which is typically located near the steepest part of the V-Φ characteristic (the 
inflection point). As illustrated in Fig. 14(a), a small change in the applied flux δΦ will 
produce a proportional change in the voltage δV = VΦδΦ (VΦ = ∂V/∂Φ is the transfer 
coefficient at the working point). However, the proportionality between voltage and flux is 
maintained only for very small δΦ, and the output becomes strongly distorted if the applied 
flux exceeds the linear flux range Φlin which is typically a few percents of a flux quantum 
only. As SQUIDs are commonly applied to measure weak signals, this small dynamic range 
might just be sufficient. However, in practice there are usually much larger disturbing signals 
(for example the 50 Hz or 60 Hz power line interference) superimposed to the measurement 
signal, which makes a small-signal readout usually impossible unless the SQUID is very well 
shielded. Further disadvantages of the small-signal readout are that the transfer coefficient VΦ 
depends on the bias settings of the SQUID, and that the SQUID noise increases if the applied 
flux shifts the working point too far away from optimum.  
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Fig. 14. Fundamentals of SQUID readout: (a) V-Φ characteristic and (b) basic flux-
locked loop (FLL) circuit. The SQUID is drawn as a circle with two crosses 
indicating the resistively-shunted Josephson junctions, and the bias current source is 
omitted for clarity.  

 
     The dynamic range can be considerably increased by negative feedback. The basic circuit 
of the so-called flux-locked loop (FLL) is depicted in Fig. 14(b). The SQUID is biased at the 
working point W as in the small-signal readout. The deviation of the SQUID voltage V from 
that at the working point Vb is amplified, integrated, and fed back into the SQUID via a 
feedback resistor RF and a feedback coil that is magnetically coupled to the SQUID via a 
mutual inductance MF. Commonly, feedback resistances in the kΩ range are used, making the 
impedance of the feedback coil negligible in the frequency range of interest. For infinite 
integrator gain, the flux in the SQUID is kept constant by the negative feedback and the 
voltage VF across the feedback resistor depends linearly on the applied flux. In this case, the 
transfer coefficient of the flux-locked SQUID  

 GFLL = ∂VF/∂Φ = -RF/MF    (18) 

becomes independent of the working point. The noise does not degrade with applied flux 

operate SQUID as a null-detector for

magnetic flux by using feedback 

alternative: use flux ramp modulation à flux signal is transferred into a phase shift

possible solutions:

flux-locked loop  (FLL)

► preamplifier noise should be kept below intrinsic SQUID

possible solutions:

problem: impedance of cold SQUID is low compared to room temperature electronics

► transfer function should be linear 

problem: flux-to-voltage relation                is non-linear

à linear input-output only for small signals 

FLL with modulation and step-up-transformer: better impedance matching, but bandwidth limiting

two-stage SQUID configuration: flux to flux amplification in the cold

additional positive feedback: larger flux to voltage transfer
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dc-SQUID Readout

► readout of many SQUIDs with little complexity at low temperatures

possible solutions:

problem: individual readout has high wiring complexity, high costs and potentially increases

parasitic heating

► influence of intrinsic 1/f noise should be kept as small as possible

problem: slow flux fluctuations dominate often the noise and thus the energy sensitivity 

reverse current biasing: slow in-phase fluctuations are canceled out

flux-ramp modulation: signal is transferred into a higher frequency band

possible solutions:

flux-ramp modulation: flux change is transferred to a phase shift in characteristic curve,

coupling of flux ramp can be adjusted at each SQUID and allows

for encoding the SQUIDs à complexity is moved to room temperature.                            
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rf-SQUIDs

LC resonator (tank circuit)
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4.2 rf-SQUIDs
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no screening βL,rf = 0

4.2 rf-SQUIDs
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tank circuit

quality factor 

resonance frequency

Operation and performance of rf-SQUID
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4.2 rf-SQUIDs

Irf,1 Irf,2 Irf,3 Irf,4

Irf,4

Irf,3

Irf,2

Irf,1

fixed Is fixed Irf
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4.3 SQUID Applications

Overview of applications:

► Biomagnetism and medical applications 

► Thermometry 

► Displacement sensors

► Particle detection

► Geophysical applications 

► Archeology

► Non-destructive Evaluation of Materials

► Gravity and Motion Sensors

► Metrology I, R, V, T

► …

Biomagnetism

Thermometry

AC O L O U R P I C T U R E S

Figure A.1: Open detector sandwich after wire bonding.

Figure A.2: Close up on the maXs30 V2B detector.

73

Geophysical applications

Particle detection

gradiometer. It only produces the gradiometer
signal, without the detour via two magnetometer
signals. This is in contrast to electronic gradi-
ometers, where two magnetometers sense the
magnetic field itself and a ‘gradient’ is approxi-
mated by a subtraction of these two signals.
With respect to the physical abilities for SQUID

design (Cantor, 1996), our gradiometer is quite
large. For a gradiometer set-up, however, its
base length (the distance between the centres of
the two sensing loops) of 4 cm is very small,
compared with 1–3m used in caesium gradi-
ometers (Neubauer, 2001a; Linford, 2003). The
loss of resolution of the SQUID gradiometers due
to the small base length is, however, outbalanced
by the high sensitivity of the SQUID. These
points will be discussed in more detail in the next
section.
The SQUID itself needs more components to

become a complete magnetic field sensor. This is
shown in Figure 2. The SQUID is encapsulated
for mechanical protection, and fixed on a stick. In
this configuration, it measures the gradient
dBhorizontal/dz, where z is the vertical direction
and ‘horizontal’ means the direction perpendicu-
lar to the SQUID chip surface (corresponding to
the paper plane in Figure 2).
The stick with the SQUIDs at the bottom and

the electronics on top is mounted in a cryostat
filled with liquid Helium, which provides the
4.2K working temperature of the SQUIDs. The
cryostat is protected against mechanical damage
by a plastic cover tube of 70 cm length. The
cryostat itself is made from glass fibre reinforced
plastic and has a refilling cycle of two days.
The SQUID electronics on top of the cryostat

linearizes the originally sinusoidal dependences
of the SQUID output voltage. This feedback loop
is the limiting part for bandwidth and slew-rate
of the complete SQUID sensor. Our electronics’
bandwidth of 3MHz is far above any signal
frequency ever used in geomagnetic measure-
ments, however. The slew-rate indicates the
speed with which signal changes or disturbances
can be followed. The value of 7mT/(m!s) ensures
a stable operation during movement – even very
fast movement – in most measuring conditions
(Oukhanski et al., 2002).
However, too strong or fast field variation,

regardless of its origin, may cause an opening of

the electronic feedback loop. This is particularly
the case when turning at the end of lines during
field mapping. Then the loop is forced to start at
zero output voltage again. Such jumps can –
because of their quantisized height – be recog-
nized and corrected in software processing.

A predecessor of our SQUID sensor set-up was
used for a test of the principal applicability of
SQUIDs for the archaeological prospection
(Chwala et al., 2003). At this initial point of our
system development we simply used a SQUID
gradiometer channel which was set up for
another application (the recording of a human
fetus’ magneto-cardiogram (fMCG) (Stolz et al.,
2003)); the sensor was set into awooden crate and
carried across our test site, the north-eastern gate
of our double-ring ditch. Figure 3 shows our
improvisational apparatus. This very first map-
ping of the gateway in our test site is shown in
Figure 4a and b. All the test data are summarized
in Figure 4.

This test showed the principal power of our
SQUIDs for well-resolved archaeological map-
ping. Themap had some positional problems due
to our primitive surveying procedure with only
approximately constant walking speed along

Figure 3. Improvised first measurement set-up using a large
cryostat with a SQUID gradiometer. Cryostat and electronics
wereputonawoodencrate.Dataloggerandbatteriesweredis-
placed and connected via the cable visible in the front part of
thephotograph.Allocationof themeasureddata to theposition
wasperformedbya (preferably) constant walkingspeedalong
previously laid out ropes.

Copyright # 2008 John Wiley & Sons, Ltd. Archaeol. Prospect. 15, 113–131 (2008)
DOI: 10.1002/arp

116 V. Schultze et al.

Archeology
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4.3 SQUID Applications

Basic SQUID configurations for different applications:
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Different gradiometers
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advantage of discriminating against unwanted background fields from distant sources while 
retaining sensitivity to nearby sources. 

 
Figure 19  a) magnetometer b) 1st derivative gradiometer c) planar gradiometer d) 2nd derivative gradiometer e) 1st 

derivative asymmetric gradiometer 

Because of the present inability to make flexible (i.e., small bending radius) wire or make true 
superconducting joints in HTS materials, commercially available HTS devices are currently in 
the form of magnetic sensing rather than current sensing devices. 

4.6 Gradiometers 
Magnetometers are extremely sensitive to the outside environment. This may be acceptable if 
one is measuring ambient fields. If what is to be measured is close to the detection coil and 
weak, outside interference may prevent measurements at SQUID sensitivities. If the 
measurement is of a magnetic source close to the detection coil, a gradiometer coil may be 
preferred. Since Bdipole v 1/z3, where z is the distance beneath the coil, it follows that the field 
from a distant source is relatively uniform in direction and magnitude at the sensor. If we 
connect in series two identical and exactly parallel loops wound in opposite senses, separated by 
a distance b (the baseline), we obtain a coil (Figure 19b) that will reject uniform fields. 

 
Figure 20  Response of gradient coils relative to magnetometer response (1/z3 suppressed) 

Since the response of a single coil to a magnetic dipole goes as 1/z3, an object that is much closer 
to one coil than the other will couple better to the closer coil than the more distant. Sources that 
are relatively distant will couple equally into both coils. For objects that are closer than 0.3 b, the 
gradiometer acts as a pure magnetometer, while rejecting more than 99% of the influence of 
objects more than 300 b distant (Figure 20). In essence, the gradiometer acts as a compensated 
magnetometer. It is possible to use two gradiometers connected in series opposition (Figure 19d) 

second derivative gradiometer
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(c)(a) (b) (e)(d)
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Fig. 6. High- magnetometers. (a) DC SQUID inductively
coupled to a multiturn input coil connected to a pickup loop.
(b) Multiloop dc SQUID magnetometer. (c) Single-layer, directly
coupled magnetometer, dashed line indicates bicrystal grain
boundary. (d) Large area RF SQUID; dashed line indicates
step-edge grain boundary.

net flux into the SQUID, while a gradient couples
a proportionate flux. In practice, asymmetries in the coil
windings and parasitic inductances result in a response to a
uniform field. The ratio of this response to that of uniform
field applied to one of the pickup loops is defined as the
gradiometer balance, which is typically 10 to 10 .
Fig. 5(c) shows a second-order gradiometer, which mea-
sures . Planar gradiometers with thin-film pickup
loops measure off-diagonal gradients, such as or

. Alternatively, one can subtract the outputs
of two first-derivative gradiometers electronically or in
software to form second- or even third-order gradiometers;
in addition, subtracting the outputs from three orthogonal
magnetometers produces a high degree of balance for the
first derivative [9], [14], [39].

B. High- DC SQUIDs

Achieving optimized high- dc SQUIDs for operation
at 77 K is considerably more difficult than for low- dc
SQUIDs: first, there is no mature high- Josephson junction
technology, and second, raising the temperature to 77 K has
a drastic impact on the thermal noise. To achieve the small
thermal fluctuation limit at 77 K, has to be well above
3 A and well below 100 pH (Section II). Both require-
ments can easily be met for uncoupled dc SQUIDs, enabling,
for example, a white flux noise of 1.5 Hz and a cor-
responding noise energy of 2 10 J/Hz to be achieved at
77 K for a YBCO dc SQUID with pH [40]. However,
efficient coupling to a flux transformer generally requires sig-
nificantly larger inductances, so that one has to compromise
between degraded white flux noise and inefficient coupling
of the input circuit. Furthermore, noise is usually much
higher in high- SQUIDs than in their low- counterparts.

There are two general approaches to making sensi-
tive high- magnetometers: multilayer structures and
single-layer devices. Most multilayer magnetometers con-
sist of a pickup loop connected to a multiturn input coil
that is inductively coupled to a washer SQUID [Fig. 6(a)].

This may be achieved by fabricating the SQUID and flux
transformer on separate substrates which are subsequently
pressed together face-to-face in a flip-chip configuration, or
by integrating the input coil with the SQUID. The flip-chip
approach enables one to choose the highest performing
SQUID from a batch. The lowest levels of white noise
achieved at 77 K and 1 kHz with the two approaches
are comparable: 8.5 fT Hz ( mm )
[27] and 6 fT Hz ( mm ) [29] with
flip-chip devices, and 9.7 fT Hz for a flux trans-
former ( mm ) integrated with
a 130-pH SQUID [41]. Unfortunately, high- multilayer
flux transformers typically produce excess low-frequency
noise [14], so that with typical noise corner frequencies
of 10–1000 Hz, the magnetic field noise at 1 Hz tends to
be much higher. Multiloop high- magnetometers have
also been fabricated [Fig. 6(b)]. At 77 K, a 7-mm-diameter
device with and pH achieved a white
noise of 18 fT Hz , and 37 fT Hz at 1 Hz [28].

The single-layer device—the so-called directly coupled
magnetometer [Fig. 6(c)]—is much more straightforward to
fabricate than multilayer devices, and exhibits lower levels of

noise. The pickup loop injects current directly into the
SQUID loop. Despite the substantial inductance mismatch

is significantly enhanced resulting in a low
magnetic field noise down to frequencies of about 1 Hz [42].
Making the pickup loop with a large linewidth reduces the
mismatch [43]. With such an improved design, a white noise
of 24 fT Hz was achieved with a 10 10 mm pickup
loop and pH [44].

C. RF SQUIDs

RF SQUIDs made from conventional superconductors,
operated at 4.2 K at a typical frequency of 20 MHz with the
resonant circuit connected to a room-temperature preampli-
fier, were used in various applications in the 1970s until they
were gradually replaced by Nb dc SQUIDs in the 1980s. As
with dc SQUIDs, they were almost invariably operated in an
FLL. The system flux noise of these early RF SQUIDs, which
were almost always operated in the hysteretic mode, was
generally dominated by extrinsic noise sources (Section II).
These noise sources are drastically reduced by operating
the SQUID at 1 GHz or higher, which both increases the
available signal and decreases the intrinsic noise, and by
cooling the semiconductor preamplifier [45], [46]. Today,
planar, thin-film Nb RF SQUIDs at 4.2 K achieve a noise
energy comparable to that of the dc SQUIDs [45]–[47].
However, because of the relatively complex infrastructure
required for RF SQUIDs, they are rarely used at liquid
helium temperatures.

On the other hand, the situation at 77 K is rather different.
As the temperature is increased from 4.2 to 77 K, the in-
trinsic noise of both RF and dc SQUIDs increases, but in the
former case the noise contributions of the preamplifier and
the line coupling it to the tank circuit do not increase. Conse-
quently, one may operate a high- RF SQUID at 77 K and
(say) 1 GHz with a room-temperature preamplifier with little
degradation in performance compared with a similar device
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Fig. 6. High- magnetometers. (a) DC SQUID inductively
coupled to a multiturn input coil connected to a pickup loop.
(b) Multiloop dc SQUID magnetometer. (c) Single-layer, directly
coupled magnetometer, dashed line indicates bicrystal grain
boundary. (d) Large area RF SQUID; dashed line indicates
step-edge grain boundary.

net flux into the SQUID, while a gradient couples
a proportionate flux. In practice, asymmetries in the coil
windings and parasitic inductances result in a response to a
uniform field. The ratio of this response to that of uniform
field applied to one of the pickup loops is defined as the
gradiometer balance, which is typically 10 to 10 .
Fig. 5(c) shows a second-order gradiometer, which mea-
sures . Planar gradiometers with thin-film pickup
loops measure off-diagonal gradients, such as or

. Alternatively, one can subtract the outputs
of two first-derivative gradiometers electronically or in
software to form second- or even third-order gradiometers;
in addition, subtracting the outputs from three orthogonal
magnetometers produces a high degree of balance for the
first derivative [9], [14], [39].

B. High- DC SQUIDs

Achieving optimized high- dc SQUIDs for operation
at 77 K is considerably more difficult than for low- dc
SQUIDs: first, there is no mature high- Josephson junction
technology, and second, raising the temperature to 77 K has
a drastic impact on the thermal noise. To achieve the small
thermal fluctuation limit at 77 K, has to be well above
3 A and well below 100 pH (Section II). Both require-
ments can easily be met for uncoupled dc SQUIDs, enabling,
for example, a white flux noise of 1.5 Hz and a cor-
responding noise energy of 2 10 J/Hz to be achieved at
77 K for a YBCO dc SQUID with pH [40]. However,
efficient coupling to a flux transformer generally requires sig-
nificantly larger inductances, so that one has to compromise
between degraded white flux noise and inefficient coupling
of the input circuit. Furthermore, noise is usually much
higher in high- SQUIDs than in their low- counterparts.

There are two general approaches to making sensi-
tive high- magnetometers: multilayer structures and
single-layer devices. Most multilayer magnetometers con-
sist of a pickup loop connected to a multiturn input coil
that is inductively coupled to a washer SQUID [Fig. 6(a)].

This may be achieved by fabricating the SQUID and flux
transformer on separate substrates which are subsequently
pressed together face-to-face in a flip-chip configuration, or
by integrating the input coil with the SQUID. The flip-chip
approach enables one to choose the highest performing
SQUID from a batch. The lowest levels of white noise
achieved at 77 K and 1 kHz with the two approaches
are comparable: 8.5 fT Hz ( mm )
[27] and 6 fT Hz ( mm ) [29] with
flip-chip devices, and 9.7 fT Hz for a flux trans-
former ( mm ) integrated with
a 130-pH SQUID [41]. Unfortunately, high- multilayer
flux transformers typically produce excess low-frequency
noise [14], so that with typical noise corner frequencies
of 10–1000 Hz, the magnetic field noise at 1 Hz tends to
be much higher. Multiloop high- magnetometers have
also been fabricated [Fig. 6(b)]. At 77 K, a 7-mm-diameter
device with and pH achieved a white
noise of 18 fT Hz , and 37 fT Hz at 1 Hz [28].

The single-layer device—the so-called directly coupled
magnetometer [Fig. 6(c)]—is much more straightforward to
fabricate than multilayer devices, and exhibits lower levels of

noise. The pickup loop injects current directly into the
SQUID loop. Despite the substantial inductance mismatch

is significantly enhanced resulting in a low
magnetic field noise down to frequencies of about 1 Hz [42].
Making the pickup loop with a large linewidth reduces the
mismatch [43]. With such an improved design, a white noise
of 24 fT Hz was achieved with a 10 10 mm pickup
loop and pH [44].

C. RF SQUIDs

RF SQUIDs made from conventional superconductors,
operated at 4.2 K at a typical frequency of 20 MHz with the
resonant circuit connected to a room-temperature preampli-
fier, were used in various applications in the 1970s until they
were gradually replaced by Nb dc SQUIDs in the 1980s. As
with dc SQUIDs, they were almost invariably operated in an
FLL. The system flux noise of these early RF SQUIDs, which
were almost always operated in the hysteretic mode, was
generally dominated by extrinsic noise sources (Section II).
These noise sources are drastically reduced by operating
the SQUID at 1 GHz or higher, which both increases the
available signal and decreases the intrinsic noise, and by
cooling the semiconductor preamplifier [45], [46]. Today,
planar, thin-film Nb RF SQUIDs at 4.2 K achieve a noise
energy comparable to that of the dc SQUIDs [45]–[47].
However, because of the relatively complex infrastructure
required for RF SQUIDs, they are rarely used at liquid
helium temperatures.

On the other hand, the situation at 77 K is rather different.
As the temperature is increased from 4.2 to 77 K, the in-
trinsic noise of both RF and dc SQUIDs increases, but in the
former case the noise contributions of the preamplifier and
the line coupling it to the tank circuit do not increase. Conse-
quently, one may operate a high- RF SQUID at 77 K and
(say) 1 GHz with a room-temperature preamplifier with little
degradation in performance compared with a similar device
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coupled to a multiturn input coil connected to a pickup loop.
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boundary. (d) Large area RF SQUID; dashed line indicates
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gradiometer balance, which is typically 10 to 10 .
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in addition, subtracting the outputs from three orthogonal
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responding noise energy of 2 10 J/Hz to be achieved at
77 K for a YBCO dc SQUID with pH [40]. However,
efficient coupling to a flux transformer generally requires sig-
nificantly larger inductances, so that one has to compromise
between degraded white flux noise and inefficient coupling
of the input circuit. Furthermore, noise is usually much
higher in high- SQUIDs than in their low- counterparts.

There are two general approaches to making sensi-
tive high- magnetometers: multilayer structures and
single-layer devices. Most multilayer magnetometers con-
sist of a pickup loop connected to a multiturn input coil
that is inductively coupled to a washer SQUID [Fig. 6(a)].

This may be achieved by fabricating the SQUID and flux
transformer on separate substrates which are subsequently
pressed together face-to-face in a flip-chip configuration, or
by integrating the input coil with the SQUID. The flip-chip
approach enables one to choose the highest performing
SQUID from a batch. The lowest levels of white noise
achieved at 77 K and 1 kHz with the two approaches
are comparable: 8.5 fT Hz ( mm )
[27] and 6 fT Hz ( mm ) [29] with
flip-chip devices, and 9.7 fT Hz for a flux trans-
former ( mm ) integrated with
a 130-pH SQUID [41]. Unfortunately, high- multilayer
flux transformers typically produce excess low-frequency
noise [14], so that with typical noise corner frequencies
of 10–1000 Hz, the magnetic field noise at 1 Hz tends to
be much higher. Multiloop high- magnetometers have
also been fabricated [Fig. 6(b)]. At 77 K, a 7-mm-diameter
device with and pH achieved a white
noise of 18 fT Hz , and 37 fT Hz at 1 Hz [28].

The single-layer device—the so-called directly coupled
magnetometer [Fig. 6(c)]—is much more straightforward to
fabricate than multilayer devices, and exhibits lower levels of
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SQUID loop. Despite the substantial inductance mismatch

is significantly enhanced resulting in a low
magnetic field noise down to frequencies of about 1 Hz [42].
Making the pickup loop with a large linewidth reduces the
mismatch [43]. With such an improved design, a white noise
of 24 fT Hz was achieved with a 10 10 mm pickup
loop and pH [44].

C. RF SQUIDs

RF SQUIDs made from conventional superconductors,
operated at 4.2 K at a typical frequency of 20 MHz with the
resonant circuit connected to a room-temperature preampli-
fier, were used in various applications in the 1970s until they
were gradually replaced by Nb dc SQUIDs in the 1980s. As
with dc SQUIDs, they were almost invariably operated in an
FLL. The system flux noise of these early RF SQUIDs, which
were almost always operated in the hysteretic mode, was
generally dominated by extrinsic noise sources (Section II).
These noise sources are drastically reduced by operating
the SQUID at 1 GHz or higher, which both increases the
available signal and decreases the intrinsic noise, and by
cooling the semiconductor preamplifier [45], [46]. Today,
planar, thin-film Nb RF SQUIDs at 4.2 K achieve a noise
energy comparable to that of the dc SQUIDs [45]–[47].
However, because of the relatively complex infrastructure
required for RF SQUIDs, they are rarely used at liquid
helium temperatures.

On the other hand, the situation at 77 K is rather different.
As the temperature is increased from 4.2 to 77 K, the in-
trinsic noise of both RF and dc SQUIDs increases, but in the
former case the noise contributions of the preamplifier and
the line coupling it to the tank circuit do not increase. Conse-
quently, one may operate a high- RF SQUID at 77 K and
(say) 1 GHz with a room-temperature preamplifier with little
degradation in performance compared with a similar device
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► gradiometers suppress homogeneous fields

► gradiometers can be used to construct vectors

► loops need to be identical

► stability is a very important aspect

Sensitivity vs distance
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Biomagnetism and Medical Applications

► Magnetoencephalography MEG 

► Magnetocardiography MCG

► Magnetooculogram (MOG)

► Magnetogastrogram (MGG) 

► Magnetoneurogram (MNG) 

► Liver iron susceptometry

► Magnetic marker monitoring

► …

Neuromagnetic signals (MEG) are much weaker. The largest field intensity of a
normal awake brain is due to spontaneous activity. The so-called alpha rhythm,
which is observed over the posterior regions of the head, is about 1 pT in ampli-
tude. Typical evoked fields – somatosensory, auditory or visually evoked responses
– are weaker by one order of magnitude or more, their strengths being only several
tens or hundreds of fT. Biomagnetic fields are also known from other electrically
active organs: the eye as the magnetooculogram (MOG) and the magnetoretino-
gram (MRG), the stomach as the magnetogastrogram (MGG), the fetal heart and
brain (fetal-magnetocardiogram: FMCG or fetal-magnetoencephalogram: FMEG,
respectively), and the peripheral nerve as the magnetoneurogram (MNG).
An overview of the magnetic induction of biomagnetic fields and of ambient

magnetic field disturbances, as well as the magnetometer resolution, is provided
in Figure 2.1. Here, magnetic induction is expressed in Tesla (T).
The magnetic noise from the environment is four to six orders of magnitude

stronger than the biomagnetic fields to be measured. Disturbances from environ-
mental magnetic fields are caused by the Earth’s magnetic field, as well as by urban
noise. The magnitude of the steady Earth magnetic field is about 5! 10"5 T (50
mT), and low-frequency variations of this field are in the order of 10"7 to 10"8 T
(100 to 10 nT). The urban noise is in the same order, and caused mainly by power
lines, traffic (e.g., car movements or passing trains), and by vibration.

Fig. 2.1. Magnetic induction of biomagnetic fields and of environmental
magnetic field disturbances as well as the magnetometer resolution.
(Courtesy J. Vrba).
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Shielding

magnetically shielded room:

Fig. 2.7. Shielding factor of magnetically shielded rooms
versus frequency. (Courtesy J. Vrba, adapted).

Fig. 2.8. The shielding factor versus frequency of the second
Berlin Magnetically Shielded Room (BMSR-2) with eight layers
(seven m-metal-shells and one layer aluminum) and with an
additional cubic rf shield with 12-m edge length housing the
eight-layer shielded room. (From Bork et al., 2001; courtesy PTB).

2.2.4 Shielding: Magnetically and Electrically Shielded Rooms 111shielding factor vs frequency
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BMSR-2

BMSR-2: best magnetically shielded room, which one can enter

► 7 µ-metal shields
► 1 aluminum layer (rf-shield)
► additional active shielding

BMSR-2
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Magnetoencephalography MEG

sensitivity for detecting and localizing neuronal activity throughout the brain.
However, the system can also be configured with axial gradiometers with a 5-cm
baseline. A combination of magnetometers and gradiometers can also be specified.
All Magnes 3600 WH systems are engineered such that the detector coils are
within 16 mm of the interior helmet-shaped surface of the insulating Dewar, for
maximum sensitivity.
An example for the sensitivity of the Magnes magnetometer detection array is

illustrated in Figure 2.13 (b) for a Magnes 2500 WH 148-channel system. This fig-
ure shows epileptic activity recorded from both hemispheres of an infant whose
head was positioned in the center of the helmet. The recordings were obtained
without moving the patient’s head. As can be seen, it is possible to record activity
simultaneously from both sides of an infant’s head, even though the closest detec-
tors are 5 cm from the skull surface. Moreover, the magnetometers are so sensitive
that detectors on the opposite side of the head record clear spike activity.
4-D has also developed a Three-Stage Noise Suppression System that optimizes the

effectiveness of a built-in broad-baseline distributed reference array and which can
quickly adapt to unexpected changes in environmental conditions. The sophisti-
cated proprietary noise-cancellation package utilizes up to 23 reference channels.
The reference channel set includes 18 magnetometers and five gradiometers lo-
cated above the signal coils, as shown in Figure 2.14. The location of the reference
channels is optimum: it is far enough from the signal coils to minimize the influ-

Fig. 2.14. Cutaway drawing of the Magnes dewar showing the
location of the reference channels relative to the sensor coils.

120 2.2 Biomagnetic Instrumentation

Fig. 2.15. (a) Magnes 3600 WH in position for a supine study.
(b) Magnes 3600 WH in position for a seated study.
(c) Typical frequency spectra (248 MEG channels overlaid)
before (top) and after (bottom) noise cancellation.
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First measurements of brain currents with a SQUID 1971 at MIT

early days for SQUID applications

first recording

Magnetoencephalography MEG
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Typical measurement

275 channel system
bandwidth 300 Hz

subject’s head at anatomical landmarks (typically the nasion and pre-auricular
points). Sinusoidal signals (at three separate frequencies) are applied to the coils,
which each produce their own magnetic signal. The magnetic field from each of
the three coils is simultaneously detected by the MEG system array and processed
by an algorithm which accurately locates the position and orientation of each coil
in three-dimensional space. Knowing the separate frequency signature of each of
the coils, a head-coordinate system is then established and the MEG data registered
with respect to this coordinate system. The accuracy of this method is better than
2 mm (Huonker et al., 1996; Vrba, 2000). A similar approach can be used for CHL,
with the energizing frequencies continuously being above the MEG signal frequen-
cies of interest.
Based on experience obtained with cortical MEG instrumentation, an alternative

CTF MEGTM System configuration has been developed by VSM MedTech espe-
cially for fetal investigations (Robinson et al., 2001). In this design, an array of
SQUID sensors is arranged for optimal coverage of the mother’s anterior abdomi-
nal surface, from the perineum to the top of the uterus (in late gestation), as
shown in Figure 2.19.
Primary-sensor flux-transformers are axial first-order gradiometers, with a 8 cm

baseline. The dewar operates in a horizontal orientation, and has sufficient capacity
for one-week operation between helium refills. A SQUID reference array of 29
channels is incorporated for the attenuation of environmental and vibrational
noise. System white-noise levels are typically 4–7 f T=

ffiffiffiffiffiffiffi
Hz

p
above 1 Hz (Robinson

et al., 2001).
An overview of VSM MedTech/CTF-systems, including the year of installation

and location, is provided in Table 2.3.

Fig. 2.19. The CTF MEGTM System configuration for fetal
MEG. The Patient Support System slides back to allow easy
access to the MEG sensor array.

130 2.2 Biomagnetic Instrumentation

Signal reconstruction

► brain currents have caused the measured fields 

► it is not possible to uniquely calculate the brain current distribution from a given field distribution

► this is known as the inverse problem of electromagnetism

► physiological model assumptions are needed to solve this problem

Magnetoencephalography MEG


