


























IEEE/CSC & ESAS EUROPEAN SUPERCONDUCTIVITY NEWS FORUM (ESNF), No. 8, April 2009

(©) (d

Fig. 7. The planar multiloop magnetometer: (a) simplified schematics, (b) simplified layout
showing the SQUID junctions, (c) microphotograph of the mature low-T7, version [57], (d) an
experimental high-Tc version [61], which did not find practical application (© SuST, IOP and J.
Appl. Phys., AIP, with permission).

For rf SQUIDs, Kornev et al., introduced the already mentioned rf SQUID with a
dielectric resonator [10], which later, in a planar high-T, version developed by Zhang et al.
[23] became a relatively mature and simple device.

European authors and groups contributed significantly to the detailed design analysis of
low-noise coupled dc SQUIDs, taking into account the effects of parasitic inductances and
capacitances. The parasitic elements create the possibility of deleterious LC resonances in the
SQUID dynamics. For the bare dc SQUID this was first analyzed by Ryhénen et al. [62]. For
integrated thin-film coupled SQUID the input coil deposited on top of the washer introduces a
large parasitic capacitance C, across the SQUID inductance. The resulting resonances were
analyzed by Knuutila, Seppi et al. [63, 64, 65], and minimization of C, by a suitable layout
was shown [66]. Methods of damping these resonances by appropriate shunts and damping
resistors, but without affecting the noise were demonstrated [67], also for high-7, SQUID
[68]. More details on parasitic effects and the related references can be found in [1].

A problem in practical applications is flux trapping even in well-shielded low-7, SQUIDs.
Therefore, encapsulated commercial sensors as a rule contain a heater for flux expulsion by
heating just above T,. One of the proven remedies reducing flux trapping in low-T7; devices is
to design coupled SQUIDs with junctions placed near the outer edge of the junction, outside
of the integrated input coil. This was shown, for example, by Penttild et al. [69]. These
authors were also probably first to observe effectiveness of MgB; shielding when operating a
low-noise low-T, SQUID with a cryocooler.
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B. Gradiometers

While gradiometers measure gradients, their main use is to suppress undesirable signals from
unwanted, more distant signal sources, the so-called common mode (see Section I). For quite
a long time, three-dimensional axial (radial) coil gradiometers wound of suitable
superconducting wire were generally used in practical applications, although planar,
lithographically fabricated gradiometers can offer much better common mode rejection
(CMR). The first low-T; thin-film planar first-order gradiometer was demonstrated, still in
the primitive lead (Pb) technology, by G.B. Donaldson (GBD) et al. while at Berkeley [70].
A practical low-noise biomagnemoter sensor developed at HUT at the beginning of 1990s was
the integrated planar gradiometer pair measuring the orthogonal tangential derivatives 0B,/ Ox
and 0B,/ Oy of the magnetic field B, [71]. It became the workhorse in whole-head brain
biomagnetometers now manufactured by FElekta Neuromag [11]. Details of these
gradiometers are presumably proprietary as they haven’t been published.

Another successful planar gradiometer design fabricated in the Nb/Al,O3/Nb technology
is that of a highly symmetric multiloop SQUID developed by Stolz er al. for geomagnetic
exploration, where signals induced by motion and rotation in Earth’s field should be
suppressed [72]. This gradiometer has a relatively large effective pickup area, and consists of
four pairs of washers connected in parallel to keep the SQUID inductance below300 pHI.
The washers in the pairs are connected in series and form a first-order gradiometer. Figure 8
shows one fourth of the equivalent circuit of this SQUID, while Figure 9 is a
microphotograph of the central part of the SQUID chip with four 7-turn input coils partly
visible. With further proprietary improvements this gradiometer chip became the workhorse
of the highly successful SQUID-based commercial mineral exploration systems described in
Part II of this overview.

Central part

of the SQUID |
11 L,
To the left
washers of
the SQUID _, L,
12 Right upper washers Input coil
To the right of the SQUID

lower washers

of the SQUID

Fig. 8. Part (1/4) of the simplified gradiometric SQUID equivalent circuit, without parasitic
inductances shown [72] (© SuST, IOP with permission).

* The inductance of single washer loop is approximately 2,600 pH.
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Fig. 9 Microphotograph of the central part of the gradiometric SQUID of Figure 6 [72] (© SuST,
IOP with permission).

While at present the IPHT systems used in geomagnetic exploration are equipped
exclusively with low-T, gradiometers derived from the design described above, the desire to
eliminate the logistic effort required to supply liquid helium to the exploration site is naturally
strong. Therefore, Schultze et al. developed a highly balanced single-layer high-7¢
gradiometer, which has a CMR of nearly 4000, and can be tilted and rotated in Earth’s
magnetic field [73]. To the best of our knowledge, a commercial exploration system
equipped with such gradiometers is in development at IPHT and Supracon.

The first single-layer YBCO high-7; gradiometers were those developed by Knappe et al
and Zakosarenko et al. [74,75]. One of the main problems of such gradiometers is the
magnetometric signal from a small-loop SQUID needed to configure the single-layer device.
Figure 10 shows the schematic diagram (a) and the layout (b) of such a gradiometer [76]. The
detail (c) represents the layout of the small-loop SQUID, which is the source of the
magnetometric (unbalanced) signal. Multilayer gradiometers were experimented with, but the
fabrication technology remained immature. Approaches to reducing this signal significantly
by using anti-parallel-configured, single-layer SQUID structures were pursued by GBD’s
group. Eulenburg et al. and Carr et al. attained gradiometer balances on the order on 10°,
(CMR = 10°), an order of magnitude improvement over single-SQUID device designs
[77,78].
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Fig. 10. High-T, planar dc SQUID galvanometric gradiometer: (a) schematic diagram, (b) layout,
(c) detail showing the small-loop grain-boundary (GB) SQUID [76] (© SuST, IOP, with perm.).
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C. Superconducting Quantum Interference Filters

As is often the case, the demonstration of these entirely new devices, conceived largely
through theoretical analysis (see Section III), was met with some skepticism in the SQUID
community. So the Tiibingen University group around Nils Schopohl, who refined the Carelli
et al. concept [44], had a comfortable few years to thoroughly investigate SQIF structures,
both by modeling and experimentally, without much external competition. Part of their work
was done in collaboration with Schultze et al. of IPHT-Jena, where first high-7, SQIFs were
demonstrated [79,80], and with Kornev et al. of Moscow University, where issues of
oscillation linewidth and noise were investigated numerically [81]. These three groups
contributed the bulk of all the SQIF work to date. Figure 11 shows the experimental voltage
response to applied field, Bex, of an early parallel SQIF with N = 30 [49]. Indeed, the
response shows a voltage dip singularity near Bex:= 0.
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Fig. 11. Typical experimental dc voltage response to external field of an early parallel SQIF with
N =30 (Courtesy N. Schopohl). Three important SQIF parameters are indicated (see text).

Already in the early work, the basic rules for a functional and well-performing SQIF were
formulated [44, 46]. Most essential is the proper selection of the loop size distribution. These
loops have to be incommensurable, the ratio of largest to smallest loop area must be very
high, and the distribution such that no distinct size is preferred.

The theoretical expression for a bare (uncoupled) parallel SQIF voltage noise indicates
that it should scale with the square root of the number of junctions, ¥, as should be expected
[49]. As the transfer function ¥f@E should scale with N, high N values are beneficial for
high signal-to-noise ratio, SNR. In magnetometer application, an appropriate flux focusing
structure or flux transformer is required to attain field sensitivity competitive with that of
SQUID magnetometers.

Generally, other than low noise and high SNR, a practical SQIF magnetometer should
exhibit a possibly high output voltage swing &F, high linearity (i.e., high dynamic range),
high transfer function Vg = &8 = 4V/AB.x and minimal signal variance 8) outside the
singularity in the V(Be) dependence (see Figure 11). Recent simulations by Komev et al.
have shown that in a differential scheme of two parallel SQIFs with arrays oppositely
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frustrated by applied magnetic field 6By a linearity of 100 to 120 dB® should be attainable
[82], see ST51 .

For the early experimental low-T; bare device of Figure 11, the calculated minimum white
field noise was ~ 600 fT/Hz"? while the experimental upper limit was 5 pT/Hzl/ . A bare

serial SQIF with 174 loops exhibited &V = 9.4 mV and Vg = 18700 V/T [83]. Generally, the

dynamic range should scale with ¥&¥, Indeed, in experiments with high-T, SQIFs having 100 to
200 loops, the dynamic range per unit bandwidth was up to 120 dB/Hz'"” [83].

The first demonstrated practical application in field of a low-7, SQIF amplifier has been
in a submillimeter wavelength camera for astronomy, see ST-113. Details of this device
remain proprietary at present.

Thus far, more experimental data have been published on high-7, SQIFs than on low-7,
devices, although the latter should offer a much better performance. One reason is that
SQIFs exhibit high tolerance of fabrication-related parameter spreads. Furthermore, SQIF
investigators saw early on the prospect of highly sensitive preamplifiers for application in
high-performance MHz and GHz range communication antennae and other mobile system
components. For such applications, a high-7;, device can be more competitive, in spite of less
impressive performance parameters, and can be operated with cryocoolers even in unshielded
environments [84]. Indeed, the development of mobile antennae is pursued in an industrial
venture [85].

Schultze et al. investigated optimization of high 7. SQIF magnetometers on bicrystal
substrates [86]. That work included both direct-coupled pickup loops and suitable single-
layer flip-chip flux transformers coupled to all SQIF loops. That required using a serial rather
than a parallel device. The best coupled performance at 77 K of a serial SQIF with 95 loops
was as follows: voltage swing &F = 0.7 mV, transfer function Vg = 84 nV/nT, and white noise

(field resolution) By = 65 fT/Hz"? at 1 Hz. While the design value of By = 27 fT/Hz'? at 1
Hz was not attained, the measured field resolution was certainly comparable to that attained
by high-7, dc SQUIDs with bias-reversal electronics. Figure 12 shows the layout of this
magnetometer.

Fig. 12. Layout of the “best” serial SQIF magnetometer with single-layer flip-chip flux
trans-former. The SQIF itself is the horizontal dark grey diagonal bar within the square
green pickup coil loop. Left: detail of the transition from pickup coil to coupling coil
situated above flux-focusing structures of the bare SQIF (5 loops out of 95 are visible). The
grain boundary is marked by the blue arrow [86] (© SuST, IOP, with permission).

% Linearity was determined from the odd harmonics content (even harmonics are suppressed by the differential
circuit).
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V. READOUT ELECTRONICS
A. Fundamentals

An external circuit is needed to quantitatively read out the SQUID signal corresponding to the
detected magnetic flux change,. This need for external, usually room-temperature, electronics
has been perceived since the beginning, and already one of the earliest devices (the SLUG)
had a feedback loop to linearize its response to the applied current and detect signal changes
corresponding to less than a flux quantum [7]. The flux- or current-locked feedback loop is
the most essential feature of any such electronics, whose principles and detailed analysis are
presented in [87,88]. A schematic diagram of an analog circuit with flux locking feedback is
shown in Figure 13. In the version shown, the SQUID output is coupled inductively via a
transformer to a low-noise (pre)amplifier, while the detection occurs with the help of flux
modulation using the oscillator and lock-in detector seen in the schematics. The integrated
output is recorded, usually in digitized form, and fed back to the SQUID, which thus
functions as a null detector. In addition, the electronics box contains a dc power supply for
biasing and settings control. Contemporary low-noise SQUID electronics, permits the
resolution of minute flux changes, down to the order of 107 x & for the best low-T, SQUIDs,
and large signals, equivalent to many flux quanta can also be measured. The dynamic range
of typical analog electronics is in excess of 120 dB. Hybrid electronics, with a 32 bit digital
counter of individual quanta might have a dynamic range of approximately 190 dB.

Flux Bias current Ampllfler Integrator

transformer Lock-i
ock-in
detector >
pickup f
coil Oscillator
feedback / Y4 pd
%I

Fig. 13. Schematic diagram of the analog flux-locked loop (FLL) electronics.

B. Direct-coupled Electronics and Additional Positive Feedback

A major European contribution to modern SQUID electronics is the direct-coupled dc SQUID
electronics first introduced by Drung ef al. It eliminates the transformer and flux modulation
shown in Fig. 13 to attain a wider bandwidth, while the SQUID sensitivity is enhanced via the
additional positive feedback (APF) [14,15], a development, which, with an optional bias
reversal reducing the 1/f current noise of high-7. SQUIDs, was also licensed and transferred
to industry [89]. The currently attained performance of such electronics, model XXF-1, is
presented in [90] and in ST2.

The APF in Drung’s electronics reduces the effect of room-temperature amplifier noise
through higher Vo = @V /&% at the SQUID’s operating point. An alternative use of APF was

introduced by Seppd, who pioneered the adaptive noise cancellation (NC) method [12,13,91].
Here, the SQUID is voltage—biased with amplifier in transimpedance mode, which is also
advantageous for linearization of the SQUID response. In this amplifier mode, the amplifier
voltage noise is also effectively suppressed. The Seppé-style electronics is the workhorse of
large biomagnetic multichannel systems manufactured by Neuromag [71]. A very
enlightening comparison of the two ways of using APF was recently published [92]. Figure
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14 compares the effect of the two APF uses on simulated voltage-flux characteristics of the
SQUID. In the current-biased SQUID response, introduction of APF results in unchanged
amplifier voltage noise contribution, but greater voltage gain for a given flux change due to
steeper positive slope. In the voltage-biased response the slope steepness doesn’t change, but
the amplifier voltage noise contribution is reduced on the positive slope and enhanced on the
negative, while the linearity is improved and the usable flux range greater, as indicated by
green arrows.

Several novel concepts implemented in PTB’s XXF-1 permitted to attain the record-wide
bandwidth of direct-coupled closed-loop FLL (20 MHz), close to the theoretical limit given
by transmission line delay within FLL, and without noise degradation. The amplifier
bandwidth of about 50 MHz was attained by creating a composite amplifier consisting of a
slow dc amplifier in parallel with a fast ac amplifier. Bandwidth is an essential limitation, for
example when using the electronics with SQUID-based multiplexers for cryogenic radiation
detector arrays. Indeed, this new application became the main driver for continuing
development of SQUID electronics. The XXF-1 operate with two-stage SQUIDs and series
SQUID arrays, and are thus potentially suitable for transition-edge-sensor (TES) readout in
astronomy applications. With a two-stage SQUID, the energy resolution of 30 % at 4.2 K and
2.3 h at 0.3 K was attained. The additional advantage of these electronics is the very small
size: for example, the whole FLL board of XXF-1 is only 130 x 43 mm, so that it can be
mounted directly at the warm end of the SQUID probe, thus minimizing the distance between
the SQUID(s) and the readout.
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Fig. 14. Simulated response of a SQUID with either current (a, b) and voltage bias (c, d) and exaggerated
readout amplifier noise: comparison of effects of APF use; (a, ¢) without (b, d) with APF [92].
In (b, d) the usable, sufficiently linear flux range is indicated by green arrows. (© SuST, IOP, with permission).
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C. Cryogenic Preamplifier and Wide-bandwidth Cryogenic FLL

A possible way to further reduce the noise of room-temperature electronics is to use a
cryogenic preamplifier. For some years that was an extreme measure sometimes used for rf
and microwave SQUIDs, or dc SQUIDs at radio frequencies, where the noise of the entire
system is usually limited by the preamplifier noise [87]. An example of cooled preamplifier
using HEMT and MESFET transistors is that introduced by Miick et al. in conjunction with a
1.7 GHz microwave SQUID [93]. The whole system open-loop energy resolution at 4.2 K
was about 100 4, a record for an rf SQUID. Unfortunately, the main problem with using such
cryogenic preamplifiers is their high power consumption, usually prohibitive at 4.2 K and
certainly not acceptable at even lower temperatures.

Recently, Kiviranta was first to demonstrate a cryogenic SiGe bipolar transistor
preamplifier for use with direct-coupled dc SQUID readout of signals below rf frequencies
[94,95]. The main advantage of the SiGe heterojunction bipolar transistors (HTs) is their 1/f
noise lower than that of HEMTs, but also lower power consumption, with indications it can be
even in sub-mW range. The measured open-loop flux noise level with such transistor was,
approximately, 0.4 u(I)on'l/ > at 4.2 K [95].

The main motivation for using a cryogenic preamplifier is presently the need of broad
bandwidth and high slew rate (in addition to low noise) of flux-locked electronics for large
detector array readouts with multiplexers, especially frequency division multiplexers (FDMs).
The cryogenic amplifier can be placed very close to the SQUID, resulting in the reduction of
the FLL loop delay, which as a rule is dominated by the transmission line to room-
temperature electronics. Lower delay translates into broader bandwidth and higher slew rate.

Both Kiviranta and Drung independently demonstrated this approach at nearly the same
time [92,96], but their published results should still be viewed as preliminary. Also both
authors independently invented the effective approach to SQUID linearization at high
frequencies, which Kiviranta calls current-sampling feedback [92], while Drung prefers the
term output current feedback (OCF) [97]. Essentially, the current is used as output rather than
voltage. The comparison of the standard direct-coupled FLL principle with that of SQUID
linearization by OCF is shown in Figure 6 of ESNF paper RN-9. Drung demonstrated this
idea by using a SQUID series array amplifier with up to 640 SQUIDs in a series-parallel
configuration, Kiviranta with a cryogenic CMOS switch and a room-temperature amplifier.

According to Drung, in his cryogenic feedback experiments to date, bandwidth and slew
rate were comparable with either cooled semiconductor or SQUID array amplifiers [98],
representing an order of magnitude improvement over the best XXF-1 results. The static
feedback range was significantly higher with semiconductors than with SQUID array OCF,
but the power dissipation was also higher, by 5 orders of magnitude.

We note that SQUID arrays also represent a much greater technological challenge than
single SQUID. Large SQUID circuits require a refined fabrication technology with narrow
linewidths and junction tolerances. While the parameters presented in [97] are already
impressive, the cryogenic FLL results still represent work in progress, with no definite
performance limits attained up to now. Of course, neither the Kiviranta nor the Drung
cryogenic FLL has been implemented in practical applications, as yet.

D. Relaxation Oscillation Dc SQUID

As mentioned in Section III, Guttmann was the first to develop the concept of ROS [32]. It
consists of a dc SQUID with hysteretic junctions, which as a whole is shunted by a resistor
Ry, and inductor Lg, in series. The SQUID itself behaves like a junction which has stable and
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unstable branches. Relaxation oscillations occur if the ROS is biased above the critical
current, /., and its load line with the shunt intersects the unstable subgap voltage branch. In
this case, a stable working point in the voltage state is not possible and the voltage across it
must oscillate continuously between the junctions’ gap voltage and zero. The frequency of
oscillations and the duty cycle are a function of the bias current and /(®.). Therefore, the
ROS can be used as a simple flux-to-frequency (or flux-to-voltage) converter. A simple
frequency-modulated readout is thus possible [99].

Improvements to ROS, the balanced ROS [100] and the simplified double ROS (DROS)
[101] were subsequently investigated and, especially in the case of DROS, demonstrated very
high transfer coefficients | Vo | = 0Ve/0®. Figure 15 shows the schematics of two
alternative DROS implementations, (a) with reference SQUID and (b) with reference
junction. Figure 15 (c) shows the step-like V' versus @ = @, characteristic of DROS, which
at the operating point results in high | Vo | . However, the relaxation oscillation frequency
must be very high, in the microwave range, to attain low noise and high sensitivity [102]. The
DROS has been used in experimental GWD systems being developed by Twente researchers.

(a) Ib ()

Sensor
SQUID

(c)

(I’ex

Ref.SQUID

Fig. 15. DROS schematic circuits: (a) with reference SQUID, (b) with reference junctions; (c) the steplike V' —
@, transfer function with operating point W. Adapted from [87], Fig. 4.12 (© Wiley-VCH with permission).

In addition to the DROS, digital SQUIDs can be seen as alternative readout schemes.
Because of their potential for very high dynamic range and slew rate they have been pursued
in many alternative versions, the most sophisticated using the rapid single flux quantum
(RSFQ) logic approach involving a decimation filter. However, only rather simple
comparator circuits were fully operational. A recent European digital SQUID study was
motivated by earthquake monitoring in the presence of high-level magnetic disturbances
[103]. The demonstrated SFQ SQUID itself is insensitive, but in combination with an analog
SQUID the authors expect to attain both the dynamic range and sensitivity in a hybrid device.

VI. EUROPEAN FOUNDRY AND INDUSTRIAL SQUID FABRICATION

A European foundry fabricating customer-designed SQUID chips exists at IPHT-Jena [104].
It can fabricate both low-7; and high-7, SQUID chips of designs conforming to this foundry
rules. SUPRACON, a small company spun-off from IPHT-Jena, is marketing SQUID chips
adapting its own designs to customer needs [21]. They also manufacture direct-coupled
SQUID electronics. Also MAGNICON fabricates SQUID chips and electronics, both on PTB
license [89]. The CNR of Naples fabricates SQUID chips for all the Italian biomagnetic
systems, and VIT of Espoo, Finland, for all the Finnish biomagnetic systems fabricated by
Electa Neuromag. However, neither of these two functions as a regular SQUID foundry.
With reference to the ESNF paper RN-9, we note that the trend towards more complicated
SQUID circuits on one chip requires that better fabrication equipment, especially for
photolithography, be accessible to the foundry and small industrial manufacturers.
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VIl. CONCLUDING REMARKS

European authors and groups contributed significantly to the development of practical
SQUIDs, SQUID electronics, and of applications to be discussed in Part II. However, of all
the novel device concepts originated in Europe, it is the SQIF which might turn out to be most
important in the future. While SQIF devices are still in a rather early stage of development,
we believe there is bright future for their use in diverse applications.

Currently, low-7, SQUIDs are still the workhorses in most applications, in spite of
considerable efforts expended during the past decade to develop practical high-7, SQUIDs.
The main reasons for avoiding these are the still immature high-7, fabrication technology,
especially of multilayer devices, high level of flux trapping in high-7, thin films, and high
cost related to expensive single- and bicrystal substrates and low fabrication yields. Low- and
high-7, SQIFs are much more tolerant to junction and layout parameter spreads, hence their
additional advantage. In any event, the current trend towards more complicated SQUID
circuits on chip, including SQUID arrays and auxiliary devices, presents new challenges for
low-T, fabrication technology (essentially Nb/AlIO,/Nb). Due to the rather antiquated
equipment currently available, the resulting linewidth and reproducibility are well below
standards of semiconductor manufacturing. However, independent of the necessary
fabrication equipment upgrade, the nanometer thick Josephson junction AlOy barriers will
always impose insurmountable limits to narrowing junction critical current tolerances.

While in the past decade biomagnetometer requirements were the main drivers in practical
SQUID and electronics progress, SQUID readout of large radiation detector arrays has
recently taken over that role.
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