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Abstract - The superconducting quantum interference device (SQID) is a highly sensitive
detector for magnetic flux or any quantity that can be efficiently converted into flux.

Comprehensive overviews of the fundamentals, techtomy and applications of SQUIDs and
SQUID systems are found in the literature (for examle [1-6]). In this paper, a short
introduction into the basic function of a SQUID, its operation, and its design for magnetic field
and current sensing is given. An extended versiorf this paper will appear in the forthcoming

book “Josephson Junctions: History, Devices, and Apications” edited by E. L. Wolf, G. B.

Arnold, M. A. Gurvitch, and J. F. Zasadzinski (PanStanford Publishing). Due to the focus of
this book on Nb-based devices, the large field okglices with high critical temperature (highT,

SQUIDs) will not be considered here.
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l. SQUID FUNDAMENTALS

A SQUID basically consists of a superconductingplagerrupted by one or more Josephson
junctions. Depending on the number of junctionss mamed rf SQUID (one junction) or dc
SQUID (two junctions), respectively. This classifion results from the basic mode of
operation: the rf SQUID is driven by a high-freqagrsignal (tens or hundreds of megahertz
typically) applied to a tank circuit magneticallpupled to the SQUID, whereas the dc
SQUID is biased with a direct current. The dc SQWIBs discovered by Jaklevt al. [7],
only a few years after Josephson’s predictionsupkesconducting tunneling. The rf SQUID
was introduced shortly afterwards [8]. In those gjay was extremely difficult to fabricate
reliable Josephson junctions with thin-film techumeg. As a result, early SQUIDs were
equipped with “point contacts” consisting of a Nivesv pressed against a Nb body, thereby
forming an adjustable Josephson junction.

It is obviously much more demanding to obtao point contacts with similar parameters
than to adjust only one. Therefore, although th&Q@WID generally allows a lower overall
noise, the rf SQUID became the standard devickarfdllowing years. The situation changed
after reliable thin-film processes were developethe 1970s and 1980s, and the dc SQUID
began to replace the rf SQUID. Nowadays, the dc IBQY dominant in the field of Nb-
based sensors, and the rf SQUID is practically letsoTherefore, this chapter deals with the
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dc SQUID only; the rf SQUID is extensively discusse literature (see for example [4]).
A. Basic SQUID Function

The dc SQUID is based on two effects: flux quaniiaand superconducting tunneling. Its
function is schematically illustrated in Fig. 1. elhmost simple circuit is assumed: a
superconducting loop interrupted by two Josephsmictions. The junctions have parallel-
connected resistoRto eliminate hysteresis in their current-voltaparacteristics [9,10]. We
first consider the case in Fig. 1(a) where a gstaic current is passed through the SQUID
but no magnetic field is applied. Due to symmeting, current splits into two equal halvé2
that flow through the two Josephson junctions. Toarresponding current-voltage
characteristic is shown in Fig. 1(c). Neglectingseaounding, the total critical current of the
SQUID 2. is the sum of the two junction critical curreihds
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Fig. 1. Basic SQUID circuit with (a) zero and (b) nonzexpplied magnetic flux densitB. The
resulting voltage-current and voltage-flux chargsties are schematically shown in (c). The dashed
line shows the resistance that would be obtaingtiont tunneling. To remove hysteresis in their
characteristics, the two Josephson junctions (blaglons incorporated into the superconducting
loop) are shunted by resistd®connected in parallel.

If a magnetic field is applied perpendicularthe SQUID loop, the resulting flux in the
loop ® = BA (assuming that the flux densiB/is constant over the aréaof the loop) will
cause a screening currdgd; to circulate. As we will see later, the Josephgorttions are
commonly made as small as possible, so that tleetedff the applied field on the junction
critical currents can be neglected. For the exanmpkgg. 1(b), the screening current is added
to 1/2 in the left junction, but subtracted frolf2 in the right one. Therefore, the critical
current of the left junction is already reached/at<|; and hence the critical current of the
SQUID is reduced with applied flux. If the magnefiiex caused by the screening current
exceeds+®y/2, the flux state of the SQUID changes by one flggantum ®y =
2.06810%° Vs and the screening current changes its dirediErause this is energetically
more favorable than a further increase in the s@ngecurrent. This way, the total flux in the
loop is always kept equal to an integer numberlwt fjuanta (flux quantization) and the
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critical current of the SQUID changes periodicaliigh the applied flux.

As illustrated in Fig. 1(c), the flux dependerof the critical current leads to a periodic
voltage-flux characteristic if the SQUID is biasa&idconstant currerit The period is exactly
equal to one flux quanturd,. Forl < 2l., the zero-voltage state is included in the voliage
flux characteristic, whereas for> 21 the SQUID is always in the voltage state withratéi
dc voltage across the device. Note that in theageltstate, due to the ac Josephson effect, a
high-frequency ac voltage is always superimposeith &i fundamental of 483.6 MHz per
microvolt of dc voltage. In Fig. 1 it was assumbdttthis ac Josephson voltage is outside the
measurement bandwidth and filtered out by the nreasent setup (which is always the case
in practice). Finally, in the above discussion vaedineglected thermal noise. In practice, the
characteristics in Fig. 1 are rounded near zertageldue to thermal noise.

The SQUID function is determined by four bagi@ntities: the inductance of the SQUID
loop L, the junction critical current, the shunt resistance per junctiBnand the parasitic
junction capacitanc€. The tunnel junctions may be intrinsically shuntedequipped with
parallel-connected resistors. Strictly speakingthe latter case the quasiparticle tunneling
would slightly contribute to the effective shunsisganceR; however, this effect is commonly
negligible. The specific junction capacitance igtigely high because of the plate-capacitor-
like structure with the very thin (a few nanometgypically) tunnel barrier between the
electrodes. For window-type junctiorS,includes the effect of the overlap area around the
tunnel barrier. For cross-type junctions, the ayeidontribution is practically eliminated [11].
Extremely small junctions are used in nanometexesiBQUIDs, the so-called nanoSQUIDs
[12]. Here, the parasitic capacitance from thentigiof the junctions can dominate the total
capacitance.
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Fig. 2. Simplified equivalent circuit of a resistively-gited junction with small Josephson tunnel
currentl; << |.. The effect of superconducting tunneling was apijpnated by an inductanck; =
dy/(2md,).

The SQUID is a strongly nonlinear device. Amiabl solutions for the corresponding
mathematical equations are available in a few spemses only, but unfortunately for
parameters less suitable for practical devicegnbive computer simulations were performed
beginning in the mid 1970s to understand the deaiue to find design rules for optimum
SQUID function [1,13-16]. These simulations yieldsahditions for the three major SQUID
parameters that will be discussed and made plausibie on the basis of the simplified
junction circuit depicted in Fig. 2. For small supgrentsl; << | through the tunnel junction,
the sine function in the dc Josephson effect camapdgroximated by the linear term of its
Taylor series. As a result, in this case the eftdcsuperconducting tunneling can be taken
into account by an equivalent inductance = ®y/(2rd.). For larger tunnel currentk
approachingztl., the higher-order terms in the sinusoidal curpgmse relation become
dominant. Therefore, the effective inductance iases nonlinearly with;, becomes infinite
atl;=zxl. and even negative if exceedsl.. This clearly shows that the device dynamics are
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very complicated. However, the simplified circuitkig. 2 is helpful for understanding some
basic relationships.

Thermal noise in the shunt resistance cataken into account by a current source in
parallel to the junction having a power spectraisity S = 4ksT/R, wherekg = 1.38x10% J/K
is the Boltzmann constant afidis the absolute temperature. Integrating overueegy, the
total rms noise current flowing througdh is found to belms = (keT/Ly)*2 Obviously, to
avoid thermal noise “wiping out” the supercondugtitunnel effect, it is required that
l3,ms<<lc. Thus we obtain a condition for the noise paramete

[ = (omdle)’ = 2rkeT/(Pole) < 1 . (1)

The parametelr describes the rounding of the junction charadiessdue to thermal noise
and is a measure for the apparent reduction ottitieal current in the presence of thermal
noise [17]. For a typical critical curreht= 10pA, one obtaind ; = 33 pH and an rms noise
currently ms = 1.33pA at liquid helium temperaturel (= 4.2 K), resulting if” = 0.018. Eq.
(1) is fulfilled at 4.2 K for critical currents atde about JuA.

Due to the parasitic capacitari@ethe Josephson junction forms a parallel resociariiit.
For the simplified circuit in Fig. 2 we find a qitgl factor Q; = R(C/L)Y%. Generally, it is
advisable to keep the quality factor of resonantuiis in nonlinear systems below about
unity to minimize excess noise from down-mixingeets. In the case of a Josephson junction,
hysteresis occurs in the current-voltage charatterfior Q; above about unity (without noise
the hysteresis limit i€Q;=0.84 [1]). Q; can be set for giveh, and C by selectingR
appropriately. HoweveR should not be chosen too low because this woddltren a small
peak-peak output voltagé,, of the SQUID (typicallyp, = 0.41cR). Therefore, in practice a
good compromise is

Bc=QF = 2 RC/Dy=1 . (2)

At 4.2 K and relatively low critical currents= 3.5A (corresponding td = 0.05) minimum
SQUID noise is obtained fdBc between 1 and 2 [1]. In contrast, for very Idw< 0.01
typically obtained at millikelvin temperatures, i# advisable to keefic < 0.5 to improve
damping. This is particularly important if the effe junction capacitance is higher than
expected due to parasitic capacitance in the SQayDut [16]. Although a slight hysteresis
in the SQUID characteristics might not be visibleedo thermal noise, it can degrade the
noise performance substantially at low valueE .of

As discussed above, the flux-dependence ofrikieal current of the SQUID results from
the screening current., interacting with the Josephson junctions. Obvipukl, decreases
with increasing SQUID inductande Thus, the modulation depth of the critical cutrand
the resulting output voltage modulatidxV are maximized for small SQUID inductance
L <L, In the limitL/L; - O, the critical current of the SQUID as a functmiapplied flux
becomes R|cos@d/®dy)|, i.e., it is completely suppresseddat= (n+%2)®, (n is an integer).
However, simulations show that for too IduL; the SQUID noise increases, leading to the
design rule [13]

Bu=L/(Ly) =2AlJDPo=1 . (3)
Combining Eqg. (3) with Eqg. (1), one obtains a padtlimit for the SQUID inductanckmax=
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1nHat4.2 K.

The design rules Egs. (2) and (3) are helpfuiles in practice. One first selects the
SQUID inductance according to the intended appboattypically L = 100 pH) and assumes
the smallest junction size to minimize capacitaftggeically C = 0.4 pF). Next, Eq. (3) is used
to determind. from the giverL. With the help of Eq. (2) one obtains the requireand the
resulting number of squares in the shunt resistgout for the nominal sheet resistance of the
shunt material (for example@ per square for 70 nm thick AuPd). The final opiation is
preferably done during routine fabrication by fituging the critical current density of the
Josephson junctions and the film thickness of tmsresistors.

B. SQUID Noise

Achieving a low noise level is the most importasgue in the field of SQUID sensors. As
discussed above, the period in the voltage-fluxradtaristic is exactly equal to the flux
quantum®,. Therefore, the flux sensitivity of the SQUID igtamatically “calibrated” and
the measured output noise can easily be convemtedby/VHz. However, in most cases the
signal applied to the SQUID is not magnetic fluredtly, but rather magnetic field or current,
the latter being passed through a coil inductivelypled to the SQUID loop. In any case, it is
necessary to specify the noise figure of the semsonits of the quantity to be measured, for
example the flux density in the pick-up cBibr the input curreni. The corresponding power
spectral densities are related to the flux noisesitgSy by

S =SolA or S =Se/M . (4)

Here,Aet is the effective field-sensitive area of the SQUHagnetometer; often, the inverse
of Aer In units of T is referred to as field sensitivity. In the cadecarrent sensing
applicationsM; is the mutual inductance between the input call ttwe SQUID loop.

The flux noise in the SQUID is caused by th@rmoise in the shunt resistors, that is
accounted for in Fig. 2 by the current sougce 4ksT/R. As a result, the dc voltagéacross
the SQUID shows fluctuationgy that are interpreted as fluctuations in flox = Vn/Vo (Vo
= dV/0® is the transfer coefficient at the chosen workipgint in the voltage-flux
characteristic). It is important to note that thexfnoiseVS, is a superposition of a “true” flux
noise component (i.e., fluctuations in the scregnaurrentlys,) and a voltage noise
component that represents “apparent” flux noisg.oMhen operating the SQUID as a high-
frequency amplifier by coupling an input coil indiwvely to the SQUID loop, the noise in the
screening current induces a noise voltage in thetiooil [18,19]. This causes backaction of
the SQUID on the signal source, makes the noiskysisanore complicated, and can degrade
the signal-to-noise ratio. Fortunately, in most 3Qpplications this effect is small or even
completely negligible, so that it is commonly sciiint to know the total flux noise densiy
only.

A useful figure of merit for characterizing B@s is the noise energy per bandwidth
referred to the SQUID inductante To derive it, we substitute the fluctuations luxf®y by
equivalent current fluctuatiorly = ®\/L and calculate the noise enengﬁlz = CDN2/2L. We
then replace;DN2 by the spectral densit$, and obtain the noise energy per bandwilth
Sw/2L that is often quoted in units of Planck’s constart 6.63x10%* J/Hz. For the near-
optimum cas@,. = 1 andBc = 1 numerical simulations [13,14] yield the whitas®level
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gw=9kgTL/R or &, = 16ksT(LC)Y? . (5)

Due to the strongly nonlinear SQUID characteristiosl the “inherent local oscillator” (the
Josephson ac voltage at typically 5 GHz with a gphctrum of harmonics), thermal noise in
the shunt resistors is mixed down from the microsveegime into the signal frequency range.
A small-signal analysis without nonlinear effectslgs €, = 2 ks TL/R [20], i.e., more than
three-fourths of the noise energy in Eq. (5) anesed by down-mixing. Eq. (5) was obtained
for a “bare” SQUID without including parasitic cajance in the SQUID layout, for example
due to a multiturn input coil coupled to the SQUIDthe transmission line connecting the
SQUID with the bonding pads. If parasitic hiGhresonant circuits in the SQUID design are
driven by thermal noise, excess noise from downkmgixcan become a severe problem and
Eq. (5) can substantially underestimate the nomrgy. Fortunately, in practice this excess
noise can be strongly reduced by proper resonaagidg, although the final noise energy
will be always higher than without parasitic capacce due to thermal noise in the damping
resistors.

The general design rule for minimum noise gyeas that parasitic capacitance should be
kept as small as possible [16] and that, if pa@s#sonant circuits cannot be avoided,
appropriate damping by extra resistors or resisépacitor series shunts should be
implemented [21-23]. This is particularly importambhen operating a SQUID at millikelvin
temperatures because of the reduced noise levehigher temperatures, hysteresis effects
caused by parasitic capacitance are “wiped ou#l t®rtain extend by thermal noise, which
can somewhat relax the issue of resonance damping.

The white noise energy, has a minimum whefc is varied via the shunt resistariRéor
fixed SQUID inductancé. and junction capacitance. Below the optimum value d®, the
noise energy degrades due to the increased thezumegnt noise KsT/R, while above
optimum the down-mixing noise rises due to insigfit damping. The second expression in
Eq. (5) shows a practical limit if andC are fixed by SQUID layout and fabrication process.
It assumes thaR is optimally selected, typically nee = 1. The first expression in Eq. (5)
can be used iR andL are given. It implies that th@ is optimally chosen via the critical
currentl; and that the junctions are sufficiently well damhpk is also applicable for strongly
overdamped junctions wifBc << 1.

The white noise of well-designed Nb-based JQ}UJis typically in fair agreement with
theory. Fig. 3 shows an example of a SQUID witlrsgly overdamped Josephson junctions
(Bc=0.2 andB_ = 0.5). The measured white noise energy oh28 4.2 K is a factor of 1.75
above the value of 16 calculated with Eg. (5) far = 110 pH andR = 5.4Q, corresponding
to a deviation of 32% in rms flux noiséS,. Cooling the SQUID to 310 mK improves the
white noise energy by a factor of 12 to B.3Note that for operation at very low temperatures,
the noise temperature of the shunt resistors (amggpondingly the SQUID noise) saturates
at typically 300 mK due to self-heating (hot-electreffect [25]). Large cooling fins attached
to the resistors improve the situation, but it @nenonly difficult to reduce the effective
resistor noise temperature below about 100 mK.

As observed in virtually all electronic dewsce(semiconducting as well as
superconducting), also the SQUID noise rises at foaguencies. This additional low-
frequency noise is called flicker noise of ddise, the latter name resulting from the typical
scaling of the power spectral densi®y [1 1. In contrast to the white noise, the low-
frequency noise is less well understood and caergdy not be predicted from the SQUID
design. There are noise contributions from low-fetpy critical current fluctuations that can
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be suppressed by special modulation schemes imgplisias reversal (for a review see
chapter 4 in [4]). Fortunately, in contrast to highjunctions, modern Nb-AIOx-Nb trilayer-
based junctions show very small levels of criticakrent fluctuations and bias reversal
schemes are commonly not required. This simplitresreadout electronics, which is helpful
in particular for multichannel systems. Howevererth is another low-frequency noise
component which reveals as a “true” flux noise aadnot be eliminated by bias reversal.
Unfortunately, this excess low-frequency flux naisereases when the operation temperature
Is reduced below about 2 K, in contrast to the a¢ffef critical current fluctuations that
decreases with temperature [26].
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Fig. 3. Example of noise spectra for a SQUID with strongierdamped Josephson junctions (device
C214G05 in [24]). Solid lines show the measuredsecat 4.2 K and 310 mK, dashed lines are
calculated from Eqs. (5) and (6) for= 110 pH andR = 5.4Q . The exponent was determined from
the measured noise spect@a=0.53 at 4.2 K andx = 0.7 at 310 mK, respectively. The good
agreement between measured and calculated lowenegudata at 310 mK is coincidental.

A special peculiarity of the excess flux nois@ weaker scaling with frequen&g O 142
with a typically around 0.6 for low-noise devices [2428, The increase in the noise at low
temperatures is accompanied by a rise in the expondrecently, the noise energy of a large
variety of SQUIDs at 4.2 K and <320 mK was repaortad an approximate equation for the
noise energy including low-frequency excess noises wwmpirically found fora ranging
between about 0.5 and 0.9 [24]

g=gy+ 0.0hx(f/200kHz)" . (6)

Eq. (6) gives an estimate of the excess flux nbeseveen about 1 Hz and 100 kHz. It is
applicable to SQUIDs when other sources of low4ety noise (for example due to critical
current fluctuations or picked up environmentalsepido not noticeably contribute. At very
low frequencies< 0.1 Hz, the common fLscaling ¢ = 1) is typically observed. The dashed

lines in Fig. 3 are calculated with Eq. (6) for #ngerimentally observeal values of 0.53 at
4.2 K and 0.7 at 310 mK, respectively. The agredrbetween the calculated and measured
noise spectra is adequate considering that Eqan)6) are approximate formulas only. To
conclude, the white noise decreases with temperatarexpected. Cooling the SQUID to
<300 mK helps to improve the noise energy by typicabout one order of magnitude
compared to operation at 4.2 K. However, it is gaihe observed that the low-frequency
noise degrades when lowering the temperature balmwt 2 K. For the particular device in
Fig. 3, the noise at 310 mK exceeds that at 4.2K ffequencies below about 40 Hz.
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Therefore, operation at millikelvin temperaturesugially not favorable for low-frequency
applications.

C. Inductance and Effective Area

The basic equations for designing a SQUID sensosammarized in chapter 5 of [4]. In this
section, we present equations for calculating tiieictance and the effective field-sensitive
area of two representative superconducting stresturhe polygonal structure in Fig. 4(a) is
commonly used for thin-film pick-up coils or forghSQUID loop [28]. A narrow slit,
indicated in Fig. 4(a) by a vertical solid linetarrupts the loop to enable connection with
other elements, for example the two JosephsonignctFor simplicity, we first neglect the
contribution of the slit to the total inductancedaeffective area of the polygonal loop. In
practice, the slit's contribution can be made srgltovering it with a superconducting plate,
however, at the expense of additional stray capao# [29]. The coplanar line in Fig. 4(b)
typically serves as an interconnect line, for exienigetween pickup coils in planar thin-film
gradiometers [30], or as a “spoke” in multiloop matpmeters [20]. It has a larger parasitic
inductance and effective area than the microstipnetry (where one strip is placed on top
of the other), but a substantially reduced capacéaThe latter is beneficial because stray
capacitance should always be minimized in SQUIDgies

AN _wi |.d| iw
S T
An - (b)

() A

Fig. 4. Top view of two basic superconducting structur@g: polygonal loop, (b) coplanar line.
Superconducting films are marked in gray. In (g, hhole ared\, is defined by the inner perimeter of
the polygonal loop and is the total area (gray region plag). The effective ared¢; and effective
slit width d.i; are indicated by dotted lines for the depictecgas 2d.

When applying a homogeneous flux den8itjo the superconducting loop in Fig. 4(a),
magnetic flux is focused into the hole, in parteauf the hole diametet is much smaller than
the linewidthw [31]. The effective arel.s is defined byA¢ = /B wheredy, is the total flux
focused into the hole aréq. In other wordsAet is the area that a superconducting loop with
w — 0 should have to collect the same total flux fimeg B. Similarly, flux is focused into
the slit of the coplanar line in Fig. 4(b). Theesffive slit widthdes is equal to the slit widtd
of an equivalent coplanar line witir - 0.

Unfortunately, analytical equations foy and A« of the polygonal loop in Fig. 4 exist in
special cases only [31]. At PTB, we are using tiiloWing approximate equations that were
deduced from numerical calculations under the apsiom of idealized superconducting
structures (i.e., film thicknedsand London penetration depith are much smaller than the
linewidth w and spacingl) [32]. The equations were derived for a regulaygon with N
corners, but are useful for other shapes as well ¢xample the optimized multiloop
magnetometer in [33]). For the inductance of thigganal loop we find

Lh =y Moc/Tt with vy = [In(d/w+2.8)+0.2+2.4d/c]/2.07 (7)
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wherepo = 410" H/m is the vacuum permeability acds the perimeter of the hole. The
inductance is proportional to the hole perimetenultiplied by a geometry factof. This
geometry factor depends on the rallay, but also on the shape of the loop due to the term
2.7d/cin Eq. (7). For a regular polygon one obtainsgéemeter

c=Ntan@uN)d . (8)

For a square loopN(=4) in the limitd/w - 0, a hole inductancé&, = 1.25u,d was
numerically calculated by Jaycox and Ketchen [28]cl is about 7% larger than the result
Lh = 1.17pod obtained from Eq. (7). However, the numerical leky = 1.190d reported in
[34] is in good agreement with Eq. (7). For an gotaal loop in the limitd/w - 0, a hole
inductancel, = 1.05u0d was quoted in [28] which agrees well with = 1.04p0d resulting
from Eqgs. (7) and (8).

The effective area of the polygonal loop igegi by

Actt = Ya(AnA)Y? with ya = 1-0.68/@/w+2.07)-" . (9)

The geometry factoya depends on the rataw, but is independent of the shape of the loop.
An andA; are the area of the hole and the total area ofathye, respectively. For a regular
polygon we obtain

(AnA)Y? = (N/4) tan@uN) d (d+2w) . (10)

In the limiting cases of squar®l € 4) or circular N — ) shapes, Eq. (10) simplifies to
(AnA)Y? = d(d+2w) or d(d+2w)Tv4, respectively. For a circular loop, the effeetiarea was
analytically calculated in the lim#/w - 0 [31]. Eq. (9) differs from the analytical resylt=
8/1¢ by less than 0.12%. For a square loop, the numlerisultys = 0.81 in [34] is in
excellent agreement with Eq. (9). However, the erpental valuey, = 1.1 reported by
Ketchenet al.[31] is 36% higher than Eq. (9) predicts. In Kestols experiments, the slit had
been covered by a superconducting plate. The isergaeffective area was probably caused
by the residual stray flux coupled into the loog the slit.

The inductance per lengthand effective slit width (effective area per ldngle+ of an
infinitely long coplanar line according to Fig. 4(an be analytically calculated, yieldibg=
MoK (K)/K(K") [35] anddes = 0.5r(d+2w)/K (k). Here,K(K) is the complete elliptic integral of
the first kind with moduluk = d/(d+2w) andk' = (1k?Y. Simplified but still accurate
approximate formulas without elliptic integral [3&je given here:

L' =y Mo with vy = [In(4d/w+22)/In(8n/d+4.9)]/1.98 , (11)
dert = Yo (d+2wW) with yg = 0.5/ In(Bw/d+€™) . (12)

The term & ensures that Eq. (12) vields the correct redt— d in the limitw/d — 0.
Neglecting the influence of the line ends, theltotductance and effective area of a coplanar
line of finite lengthl are given by = L'l andAest = destl, respectively.

The geometry factors according to Eqgs. (7)1®) are plotted in Fig. 5 versus the aspect
ratiow/d in a wide range Idto 1F. Due to the In terms in the equations, the deperelen
w/d is relatively weak. For large aspect ratwosl > 1, the geometry factors of the polygonal
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loop become independent @f/d as reported in literature [29,31]. For comparistme
geometry factow,, = 0.5In(&/w)-1 for the inductancé,, = Hoywd of a circular wire-wound
coil in the limitw/d << 1 is shown in Fig. 5 as dotted line [36]. listbasew denotes the wire
diameter andl the coil diameter.
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Fig. 5. Calculated geometry factors of the structuresign & plotted versus the aspect ratif. Solid

lines show the inductancg_(andy.), dashed lines the effective area and slit wigthahdyg). The
inductance of the polygonal loop also depends ersttape due to the term 8/@in Eq. (7); here, the

two limiting cases of squar& (= 4, lower trace) and circulaN(- o, upper trace) shape are shown,
respectively. For comparison, the geometry facfa oircular wire-wound coil is indicated as dotted
line [36].

The polygonal loop is commonly contacted atahter edge, for example to the Josephson
junctions or to a interconnect line. So far we hagglected the effect of the slit, i.e., we have
assumed an infinitely narrow slit. A finite slit dth will add parasitic inductande; and
increase the effective area By« This can be estimated by approximating the gli& Ipiece
of coplanar line and using Egs. (11) and (12) toulate Ls; andAgefr. AS L' anddes of the
coplanar line depend only weakly on the aspecb natd, the actual choice ofv/d is not
crucial. For example, a typical value for the in@dunce of a slit.' = 300 nH/m was quoted in
[28]. This value is obtained from Eq. (11) fard = 86. Decreasing or increasimgd by a
factor of 2 changels' by only +12% or —10%, respectively.

Finally, the presented equations can alsofdpdiead to calculate an elongated loop with
diong > dshore FOr this, the loop is approximated by a comborabf a coplanar line of length
diong-Oshors “capped” on both ends by half a polygonal loophwinner dimensiortspore The
total inductance and effective area are estimatewh fEqgs. (7) to (12) as the sum of the
contributions from coplanar line and polygonal lo®pis approach is used at PTB to estimate
the inductance and effective area of the SQUIDsvshas examples in the following sections.

Il. MAKING THE SQUID A PRACTICAL DEVICE
A. The Bare SQUID

So far we have discussed a “bare” SQUID, i.e.,\acgewithout coupling structures that just
consists of a superconducting loop with two resityi-shunted Josephson junctions as
schematically shown in Fig. 1(a). Fig. 6(a) showsmaplementation of such a device that was
intended as a miniature magnetometer for analytirgresidual magnetic field in cryogenic
setups. The SQUID loop was designed to achievel@ $ensitivity of 24T/, corresponding
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to an effective area of 1034n°. A single-turn coil on top of the loop allows otweapply a
feedback currents to the device (this is required for operation, seetion Ill). The mutual
inductance between this coil and the SQUID loollis= 47.5 pH, corresponding to a current
sensitivity 1Mg = 43.5pA/ @y,

10° \\
z 3
e [ SQUID unshielded
= |
w 10°% ' \J
> 3
10° Mg,
E T ——— |
F Cryoperm/Pb shield
T | M M M M M
10? 10° 10t 102 103 104 10°
(b) f (Hz)

Fig. 6. (a) Micrograph and (b) flux noise spectrum of g&ib&QUID with a nominal field sensitivity
of 2 uT/®, (corresponding to an effective area of 1(0®#). The two Josephson junctions are
indicated by black squares. The noise was measufee 4.2 K with and without a superconducting
shield enclosing the device. The increased noisel lavithout shield is due to pick-up of
environmental magnetic noise. The roll-off abovewthil0 Hz results from the screening effect of the
metal liquid-helium transport dewar used for theamgement.

The lower trace in Fig. 6(b) shows the fluxseomeasured with a superconducting shield
enclosing the device. The white noise level of ué&/VHz corresponds to a flux density
noise level of 1.3 p¥WHz, which is just comparable to a low-noise fluxegamagnetometer.
Although this noise level is achieved with a venya#l device (which can be advantageous in
some applications) one sees that the bare SQUHbdtiseally a sensitive magnetometer. In
subsection D we will discuss how the magnetic fiskhsitivity of the SQUID can be
improved by three to four orders of magnitude thiewe noise levels down to below
1 fTWHz.

Besides magnetometry, the other main apptinati SQUIDs is current sensing. For this,
the signal current to be measured is passed thrihggsingle-turn feedback coil (now used as
an input coil) and the resulting flux change in ®@UID loop is sensed via the SQUID
voltage. The figure of merit for a current sensothie current noise referred to the input coil.
With the measured current sensitivity one obtaigsiraent noise level of 28.3 p#iiz. This
is too high for most applications. Furthermoreshewn by the upper trace in Fig. 6(b), the
low-frequency noise rises by orders of magnitudeewloperating the SQUID without
magnetic shield. This results from the SQUID’s g@nty to magnetic fields. Although being
too small for magnetic field sensing applicatiahss by far too high for unshielded operation
in current sensing applications. In the followireg®on we will show, how the current noise
can be improved while making the device less s@mrsib environmental magnetic noise.
Note that in Fig. 6(b) the flux noise without ski@f about 30Qu®y/VHz at 1 Hz corresponds
to a flux density noise of 0.6 nMiAz. Values around 1 n¥Hz at 1 Hz are quite common at
the PTB site located in an urban area (Berlin)sTikiabout six orders of magnitude larger
than the intrinsic noise level of an optimized SQUhagnetometer. The peak-to-peak power-
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line interference typically lies in the range oD1QT to 1uT.
B. Low-Inductance Current Sensors

The noise of a SQUID-based current sensor cancheeeel by connecting a large numbgr

of SQUIDs in series [37]. Provided that all devidgeasa SQUID series array (SSA) are
identical and that the signal current is equallylweupled to all of them, the SSA behaves
like a single SQUID with increased output voltage.the noise voltages across the individual
SQUIDs of the array are uncorrelated, the total mmise voltage scales witfNs. In contrast,
the voltage changes caused by the input signalcatidrently and, hence, the total output
voltage of the SSA increases linearly wNR Therefore, the signal-to-noise ratio of the SSA
improves withVNs, i.e., the effective rms flux and current noiseels scale with 3/Ns.

To make the SSA insensitive to magnetic fielti® individual SQUID loops may be
configured as so-called first-order gradiometels, itwo equally large loops with different
orientation are connected in series to get zerdlaetif an homogeneous magnetic field is
applied. An example of a chip containing two indegent arrays of 16 SQUIDs each is
depicted in Fig. 7 along with a simplified circdiigram. The chip is an improved variant of
the initial version described in [38]. First-ordgadiometers are implemented as indicated by
a bold black line in the magnification Fig. 7(cJoRgated SQUID loops are used to obtain a
good magnetic coupling with the single-turn inpuidafeedback coils. A total SQUID
inductanceL = 145 pH is estimated using the analysis describesgection | C. The input
inductance of the array is3<nH. Inductor-resistor filters between the induatl SQUID cells
and shunt resistors across the input coils werdeimgnted to obtain smooth and well-
behaved array characteristics, in particular atlikelvin temperatures. Integrated bias
resistors R, between nominally 0.2f and 200 @ are intended for the readout of
superconducting detectors. The required resistar mma selected by wire-bonding to the
corresponding pad. All lines to the room tempematelectronics (left side of the chip) are
passed through on-chip rf filters.

A critical issue for SSAs is flux trapping thg cool-down. If the background flux in the
individual SQUIDs differs due to the stray field ajrtices trapped in the films, the voltage-
flux characteristics do no longer add coherentlg te overall characteristic can be severely
distorted. Therefore, the linewidth in the critigarts of the array should be chosen such that
vortices cannot enter the film during cool-downd atosed superconducting loops should be
avoided which can trap flux due to screening cusr@m noise. The latter issue implies that
arrays of parallel gradiometer SQUIDs [39] haversgity reduced cooling fields compared to
series gradiometers and are therefore not recomederitil was shown [40] that complete
vortex expulsion from narrow superconducting stgpsvidth w occurs if the cooling field
Bcool iS kept in the range

Beool < qDO/VVZ . (13)

Thus, to reliably cool down a SQUID array in thertBs magnetic field £50uT) a
maximum linewidth of about 5 um should be used. &@r5 um technology this means that
only a single-turn input coil can be realized. Eiere, the input coils of the devices in Fig. 7
are just 2.5um wide lines on top of the narrow SQUID loops. Teedback lines (where the
magnetic coupling needs not to be maximized) acatéd on both sides of SQUID the loops
in a coplanar structure.
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Fig. 7. (a) Micrograph and (b) simplified equivalent citcaf a sensor chip with two separate 16-
element SSAs and integrated bias resisRy$etween nominally 0.2 & and 200 @ (PTB type
X16FA). The displayed area is 3 mm3 mm. In (b) the SQUIDs are drawn as circles wtitio
crosses indicating the Josephson junctions, andnabmesistance values are quoted i.nfin (c), a
maghnification is shown with three individual SQU&eIIs. The displayed region is marked in (a) by a
black frame. The SQUIDs are configured as firsteorderies gradiometers as indicated by a bold
black line. The different colors in (a) and (c)uk$rom the microscopes used.

In the above considerations we have assunaddhoptimum performance all SQUIDs in
the array should be identical. However, varyinglthag size or input coil mutual inductance
intentionally, one can obtain a nonperiodic transfearacteristic with a unique peak at zero
flux [41-43]. These irregular arrays can be usedntasure the absolute magnetic field in
contrast to single SQUIDs or regular arrays thaedefield changes only due to tla
periodicity in their characteristics. However, boggular and irregular SQUID arrays suffer
from flux trapping which is an important issue &drsolute field sensors. In this chapter, only
regular arrays are discussed because they are murehcommon than irregular ones.

Fig. 8 shows the flux noise obtained at 4.2vkh a 32-element SSA. This device is
similar to the one in Fig. 7, but involves twice thumber of SQUIDs and an extra circuit to
reduce the current noise contribution of the roemgerature preamplifier. A low white noise
level of 0.17udy/VHz is found, corresponding to aboui®/VHz in the individual SQUIDs.
This is a typical value for well-designed SQUIDgii = 145 pH and implies a noise energy
€ = 22h. Due to the low flux noise, the input-referredremt noise of about 4.5 pfiHz is a
factor of 6 lower than that of the bare SQUID ig.Fé. Furthermore, the effective area is only
about 1um? in all three spatial directions (in-plane and pewiicular to the chip),
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corresponding to a field sensitivity of about 2 @,/ This is a factor of 1000 improvement
over the bare SQUID in Fig. 6, and leads to a suitstlly smaller noise degradation when
operating the SSA unshielded (upper trace in Big. 8

10t B ‘ ‘
E SQUID array unshielded

VS, (P, VHZ)

| |
L \ \
10° £ ‘ ‘ A
: 1 1
|

I \
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Fig. 8. Flux noise spectrum of a 32-element SSA (PTB ¥p&6FB) measured dt= 4.2 K with and
without a superconducting shield enclosing the aevirhe SSA was optimized for current sensing
applications and involves on-chip current feedbickeduce the effect of preamplifier current noise
(see section Il C). The individual SQUIDs are lué same design as those in Fig. 7.

SSA current sensors are generally more subtegd environmental noise pickup than
single SQUIDs. This results from the fact that emwvinental noise (when homogeneous over
the area of the SSA) is added coherently, so tmatrésulting total excess flux noise is
identical to that of a single SQUID. In contrasie intrinsic flux noise of the SSA improves
with increasingNs compared to a single SQUID and, hence, the signabise ratio of the
SSA degrades more strongly by noise pickup.

So far we have implied the common way of SQ@f2ration called current bias, where a
constant current is passed through the device &edvbltage across it is measured.
Alternatively, the SQUID can be operated with vgédias by connecting a voltage source in
parallel to the device and sensing the current ghahrough the SQUID caused by the
applied magnetic flux. For sensing this output enty the SSAs described above are well
suited because they have an adequate noise lde&l,raagnetic field sensitivity, and zero dc
input impedance due to the superconducting input. the voltage source can be
implemented by a low-value resistor through whiclcuarent is passed. Integrating all
components on a single chip, a compact two-stageosecan be realized that has overall
characteristics like a single SQUID [38]. An exampf such a sensor will be shown in the
following section. The SQUID bias modes and theafigioning of a two-stage setup are
discussed in detail in literature (for example @agter 2 of [3]).

C. High-Inductance Current Sensors

The SSAs described in the previous section are suéikd for the readout of superconducting
detectors or as low-noise preamplifiers in two-stagtups. However, the current noise is in
the pANHz range, and the input inductance is far belgwH1 A large input inductance and a
considerably increased current sensitivity can tidexed by using a multiturn input coil.
Early SQUID devices in the 1960s and 1970s wergpped with wire-wound Nb coils. At
around 1980, thin-film coupling schemes were infietl [29,44-46]. The most widely used
scheme is depicted in Fig. 9. A SQUID loop withaagk linewidthw serves a so-called
“washer” onto which a spiral multiturn coil is pkt. As shown in Fig. 5, the inductance of a
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polygonal loop becomes independent of the aspéotwéd if the linewidthw is made much
larger than the hole dimensiah Thus the design of the structure in Fig. 9 istregly

straight-forward: One selects the hole dimensioohiain the desired hole inductarigg and

expands the outer dimension of the washer to acamtata the required number of tumNs
for the intended input coil inductante

b

Fig. 9. Thin-film coupling scheme developed by Ketchen daygcox [29]. In the original design the
slit was covered by a superconducting plate, raggithree superconducting layers. Here, a simglifie
variant with two superconducting layers is shown.idput coil with three turns is drawn; in practice
up to about 100 turns are common. The shunt resigigparallel to the Josephson junctions (JJs) are
omitted for clarity.

For typical parameters, a high coupling camtske= M;/(LiL)¥* = 0.9 is easily achieved.
Neglecting coupling losse& € 1), the mutual inductance between input coil aQU® M;
and the input coil inductandg are given by

Mi=NL , Li=N°L . (14)

More detailed and accurate equations are give@9fy however, Eq. (14) is often sufficient
for dimensioning the SQUID. In practice, there & much degree of freedom in the design.
Once the hole size is fixed, one can basically adlyst the number of turns for obtaining the
desired input inductance.

In Fig. 9 the tunnel junctions are locatedtlte¢ outer edge of the washer where the
magnetic fields are low. The layout involves twgperconducting layers only, which is
achieved by wiring the return line of the input lcthrough the slit. This increases the
inductance contribution of the slit, but the effect the overall performance is modest as the
input coil partially couples flux into the slit, éhreby increasing the mutual inductaride
together with the total SQUID inductante The slit can be covered by a superconducting
plate to minimize its inductance contribution, bthis introduces significant parasitic
capacitance and requires a third superconductyeg [29]. Generally, microwave resonances
in the structure are a severe problem. They cangly distort the SQUID characteristics and
increase the noise level substantially by down-ngxiAs mentioned in section | B, proper
resonance damping is crucial to achieve a low nleigel in practice [21-23]. Although low-
noise operation was reported even without resonata®ping (for example in [46]),
resonance damping is strongly recommended becausakies the device more robust and
tolerant against parameter variations.

To give an example, 71 turns are required r@eg to Eq. (14) for coupling adH input
inductance to a 200 pH SQUID loop. For a convemiidabrication process with 215n
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minimum linewidth and spacing, agn pitch in the spiral input coil and a total width=
355um are obtained. Assumirg = 0.3 pHfum for the slit [28], the total contribution to the
SQUID inductancéd.g = 107 pH is about half the intended SQUID inductarides example
shows that with a 2.am fabrication technology, the SQUID inductance carire lowered
below about 100 pH when using the design in FigA® mentioned above, the slit could be
covered, but this increases the parasitic capaatamd requires an extra superconducting
layer. The increase in capacitance can easily umderthe benefit of a reduced SQUID
inductance. When connecting several washers inliglafgypically two or four) and their
input coils in series, the total SQUID inductansereduced and the total input inductance
increases [28,47]. This relaxes the problem ofdaimductance ratiogi/L. Gradiometric
configurations with multiple washers are benefidial reduce the sensitivity to external
magnetic fields.

An elegant way to couple a large input indnceato a small SQUID inductance is to use
an extra input transformer [23,38,48]. In the dedithnsformer scheme, the spiral coil on top
of the SQUID washer is connected to the secondamy-ihductance) side of the input
transformer, whose primary (high-inductance) sel@ised for the input coil. Typically, the
input transformer is designed in the same way asSQUID transformer, i.e., its low-
inductance side acts as a “washer” for the muititaput coil. Without coupling losses in the
two individual transformers, the overall coupling also idealk = 1. However, for finite
coupling losses in the transformers, the overaliptiog degrades relatively strongly.
Unfortunately, the equations for the overall congliconstant are somewhat cumbersome.
Assuming for simplicity that both transformers hdkie same coupling constakt and that
the inductance of the spiral coil on the SQUID wask equal to the low-inductance side of
the input transformer, the overall coupling consiargiven byk = k02/(2-k02) [38]. Thus, for
relatively high individual coupling constarkgof 90% or 80% the overall coupling constlnt
degrades to 68% or 47%, respectively. On the dthed, in the double transformer scheme
the transformers require fewer turns, leading toluced parasitic capacitance. The
degradation in coupling is (partially) compensateg smooth, well-behaved SQUID
characteristics and a low noise level.

An example of a practical SQUID with doublartsformer coupling is shown in Fig. 10. It
is an improved version of the device described3B],[]and was fabricated using a Nb-AlOx-
Nb trilayer process with two superconducting layand a minimum lithographic feature size
of 2.5um. It has a high input inductandg = 1.8uH which is coupled to the SQUID
inductanceL = 80 pH with an overall coupling constahkt=0.72. Two large input
transformers (each with a 40-turn input coil shdritg a resistor-capacitor series circuit) are
wired as a first-order series gradiometer in ortdereduce the sensitivity to homogeneous
magnetic fields. Variants with fewer turns (down4t@mn each input transformer) were also
implemented to cover the input inductance range rdaev about 24 nH. An additional
feedback transformer in series to the input caihiended for applications where the feedback
current is applied to the input circuit (nullingethnput current minimizes crosstalk in
multichannel magnetometer systems [49]).

To protect the input against large currentmagnetic resonance experiments, an optional
on-chip current limiter (Q spoiler [50]) may be dsé is realized in Fig. 10 by a series array
of 16 unshunted 20 pH SQUIDs connected in seri¢saanput coil. All lines connecting the
sensor chip with the room temperature readout releics are passed through on-chip rf
filters. The SQUID is designed with four parall@ops, arranged as a second-order
gradiometer. A 16-element SSA is integrated onctfip to act as a low-noise preamplifier.
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Current feedback between the SQUID sensor and $#ei$ utilized to increase the overall
gain (see section Il C). A typical white flux neiof 0.8udy/VHz is achieved at 4.2 K,
resulting in a current noise level (referred to imgut coil) of=0.2 pANHz for the nominal

current sensitivity M; = 0.24pA/d,. At <300 mK, the white noise typically drops to

0.25udg/VHz.
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Fig. 10. (a) Micrograph and (b) simplified equivalent citcof a current sensor with an input
inductance of about 1i8H (PTB type XXL116T). The integrated two-stage seriavolves double-
transformer coupling and is equipped with an ogtionput current limiter [38]. The displayed area i
3 mmx 3 mm.

An important figure of merit for superconducti current sensors is the coupled noise
energye. referred to the input inductanterather than to the SQUID inductarnceUsing the
current noise density referred to the input &# Sp/Mi2 one obtains

g = SLi/2 =So/(2KL) =€/k? . (15)

The input-referred noise energyof the device in Fig. 10 is typically 30at 4.2 K and % at

< 300 mK, respectively. Note that at 4.2 K singlegst sensors (devices without the SSA
preamplifier) achieve nearly the same noise lelvelyever, when operating a current sensor
at millikelvin temperatures, a two-stage readoutreégjuired to avoid the noise being
dominated by the room-temperature readout eleasdisee section IlI).

D. Magnetic Field Sensors

The “traditional” way of realizing a sensitive magic field sensor is to connect a
superconducting wire-wound pickup coil to the ingotl of a SQUID current sensor. This
scheme was introduced soon after the inventioh@BSQUID and is still widely used. Fig. 11
shows two examples, a magnetometer and a first-ogdediometer. In the case of a
magnetometer, the magnetic flux in the pickup cdi#,= BAp, causes a screening current
@p/(LptL;) which flows through the input coil, thereby gemterg a change in the magnetic
flux @ in the SQUID. The flux transfer coefficient is

®/dp = Mi/(Lp+L;) = 0.5k (L/ILp)*? . (16)
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For the optimization we assume that for given SQui@uctance. the input coil inductance
L; is varied by the number of input coil turNswhile the coupling constart= M;/(L;L)"?
remains constant. Under this condition, the fluxnsfer ®/®p is maximized for matched
inductances.; = Lp. The approximation on the right side of Eqg. (16)obtained for the
optimum case; = Lp. Note that in practice it is not very crucial taetly keep the matching
condition because the optimum is quite wide. Beantactor of two away from optimum
(Li/Lp = 0.5 or 2), reduces the flux transfer by 5.7%yoRurthermore, when considering the
resulting field noise, one has to include the ftm@t the effective SQUID inductance is
reduced in the presence of the pickup coil by stingeeffects. The detailed optimization is
rather complicated [23]. Fortunately, in practid¢e tstraight-forward conditioh; = Lp is
generally sufficient for dimensioning a magnetomete

Pickup Coil SQUID Current Sensor SQUID Current Sensor

Ref. Coil

(b)

Fig. 11. Coupling a wire-wound pickup coil to a SQUID curtesensor: (a) Magnetometer and (b)
axial first-order gradiometer.

Knowing the flux transfer coefficient, the aftive area of the magnetometéys; =
Apx®/®dp can be calculated from the pickup coil afgaThe resulting noise is given by

S5 = Sp/A% = £BLpIAS . 17)

The approximation on the right side is valid foe tmatched cask = Lp. For fixed pickup
coil parameterdp and Ap, the noise scales with the coupled noise energyrhe self
inductance of the wire-wound pickup coil can becugkted with the approximation
Modp[0.5In(8dp/Wp) - 1] given in [36] € andwp are the diameters of the coil and the wire,
respectively). The inductance contribution of theeiconnect lines between pickup coil and
SQUID can be included in the total pickup coil isthncelLp. Assuming for example a
circular single-turn pickup coil with 20 mm coilastheter, 0.1 mm wire diameter, and a 16 cm
twisted pair withL' = 4 nH/cm between pickup coil and SQUID, the tgbatkup coil
inductance amounts to 132 nH. Coupling this to &Bwith €. = 50h will result in a noise
level VS = 0.6 fTWVHz according to Eq. (17). In this example, the disiening was sub-
optimal because the contribution of the twisted pas relatively high (about a quarter of the
total inductancé.p+L;). Using a multiturn pickup coil and a correspomiynincreased input
coil inductance would reduce the noise even furtfibBus we conclude that with modern dc
SQUIDs it is relatively straight-forward to achiewise levels well below 1 f¥Hz. In
practice, the system noise level is usually limiteg thermal noise currents in the
superinsulation of the dewar containing the magneter.

Magnetometers are useful in extremely welekl@d environments only. With moderate
shielding, the effect of environmental interferercan be reduced by wiring two identical
pickup coils to a first-order gradiometer as shawifrig. 11(b). The source to be measured
(for example the human brain or heart) is locatedlase as possible to one of the coils, the
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signal coil. Due to the strong decrease of the@simagnetic field with distance, the other
coil (the reference coil) will “see” only a wealgsal, i.e., the net flux will be only slightly
reduced compared to a magnetometer. In contrasgftact of a homogeneous magnetic field
is suppressed because the flux contribut@psand®p, in the two pickup coils cancel each
other out. Thus a gradiometer strongly reduceseffext of remote noise sources that have
small spatial derivatives compared to those ofltiwal signal source. The SQUID itself is
commonly housed in a well shielded package, setiity far away from the pickup coils to
avoid distortion of the magnetic fields. An exampfea practical realization is given in Fig.
12. The remote location of the SQUID package isheial in applications where the object
under investigation is exposed to large magnegiddi that would distort the SQUID function
(for example in magnetic resonance experiments).

0. Ty
S
o * ;ﬂh

17mm

Fig. 12.Example of a commercial SQUID package. The supehacting connection
to the input coll is realized via screw contactst Few-noise operation, the SQUID
carrier is enclosed by a Nb shield. On the lefesithie socket for the wiring to the
room temperature electronics is visible (courtelsMagnicon GmbH, Hamburg).

First-order gradiometers are often adequataaderate magnetic shielding (for example a
chamber with two layers of high-permeability maaéplus one eddy-current screen of Al).
Higher order gradiometers (second or third) areuireq for magnetically unshielded
measurements. Generally, an “ideal” gradiometen-tf order is sensitive to theth and
higher spatial derivatives of the applied fieldt suppresses all lower spatial derivatives
including the homogeneous field component. In jpcactimbalance occurs due to slightly
different coil areas or tilt angles, so that a Itegradiometer is also sensitive to the
homogeneous field component in all three spatigations. In multichannel systems, the
imbalance can be compensated by adding a set @ferefe channels (magnetometers and
lower-order gradiometers).

Gradiometers cannot only be realized “in handt as depicted in Fig. 11, but also
electronically by combining the analog outputs dfedent channels [51] or “in software”
after digitizing the output signals of the SQUIDadeut electronics. The latter approach is
very powerful and efficient, and typically usedlarge biomagnetic multichannel systems.
Considering the dynamic range of the associatedtreld@cs, a suitable combination of
passive and active methods (i.e., shielded roomgaadiometric configurations) yields the
best overall performance and can suppress envinotaiiaterference by about five orders of
magnitude. A comprehensive review of shielding aai$e cancellation issues with the focus
on biomagnetic applications is found in chaptef [Bb

The wire-wound pickup coil can be substitubgda thin-film coil in order to get a compact
single-chip magnetometer or gradiometer. For irasgt devices, the sensitivity can be
maximized by applying the multiloop concept rattiean the transformer coupling of Fig. 9.
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The basic idea is quite simple: the SQUID loopiieatly used for collecting flux, but a large
number of loops is connected in parallel to redtiee effective SQUID inductance to an
acceptable level. The effective area of the corspligvice is given by the area of the
individual loops. A theoretical description and el device examples are given in [20]. The
approach of fractional-turn loops was first implereel in bulk Nb SQUIDs in the early
1970s [52]. It was later attempted as an altereativthe washer structure [45], but has not
become established for SQUID current sensors. & d¢hrly 1990s, the concept was
successfully applied to thin-film magnetometers|[28few years later, record noise levels of
1.13 fTNHz were obtained with a device implemented on ar2x 7.2 mm chip [33]. The
lowest noise reported so far is 0.33vfz for a 12.5 mnx 12.5 mm device involving sub-
micrometer cross-type tunnel junctions [54].

(@)

Fig. 13. Examples of integrated multiloop devices. (a) kietgmeter (PTB type WM) with a field
sensitivity of 3 nT®,, (b) concentric gradiometer (PTB type WN) intended noise thermometry.
The displayed area is 3 mxi3 mm.

Fig. 13 shows two examples of multiioop SQUIBsmagnetometer and a concentric
gradiometer. The magnetometer uses eight paratetected loops, yielding an effective
SQUID inductance of about 120 pH. In spite of itea#l size (2.8 mm outer dimension,
6.5 mnf area), the device achieves an effective area g finf corresponding to a field
sensitivity of 3 nT®,. The typical white noise level is 3 ffiAz. The gradiometer in Fig.
13(b) was optimized for noise thermometry. It inmed a total of 8 inner loops and 16 outer
loops. Each inner loop is connected in series with parallel-connected outer loops. The
resulting eight coil combinations are connectedarallel, resulting in a low effective SQUID
inductance of about 130 pH. The nominal field sinsy of the inner loops is 9.7 n®,.

. SQUID READOUT

In this section, we describe the two most commomncepts for operating a SQUID, flux
modulation and direct readout. Digital SQUIDs aoé discussed because they are rarely used
in practice. Bias current reversal schemes forstiqgression of critical current fluctuations
are also omitted because modern Nb-AlOx-Nb turumettjons typically do not require them.
Other types of all-refractory junctions may showgklevels of excess low-frequency noise
from critical current fluctuations, for example Nhdhctions with MgO barrier [55] or Nb
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junctions with barriers from amorphous silicon [58] HfTi [57]. SQUIDs involving these
junctions often require bias reversal schemes dorflequency applications. Also, high-
SQUIDs are almost always operated with bias cumew¢rsal. Detailed reviews on SQUID
readout including the various bias reversal scheane$ound in literature [4,58].

A. Flux-Locked Loop Basics

In principle, a SQUID can be operated in a smahal mode around the optimum working
point W which is typically located near the steapeart of theV-® characteristic (the
inflection point). As illustrated in Fig. 14(a), small change in the applied flud® will
produce a proportional change in the voltaye = Vod® (Vo = 0V/0P is the transfer
coefficient at the working point). However, the pootionality between voltage and flux is
maintained only for very smali®, and the output becomes strongly distorted ifapplied
flux exceeds the linear flux rangei, which is typically a few percents of a flux quamtu
only. As SQUIDs are commonly applied to measureknsdgnals, this small dynamic range
might just be sufficient. However, in practice thare usually much larger disturbing signals
(for example the 50 Hz or 60 Hz power line intezfeze) superimposed to the measurement
signal, which makes a small-signal readout usuallyossible unless the SQUID is very well
shielded. Further disadvantages of the small-sigradout are that the transfer coefficiggt
depends on the bias settings of the SQUID, andtieaBQUID noise increases if the applied
flux shifts the working point too far away from apum.

Preamp Integrator

(@)

Fig. 14. Fundamentals of SQUID readout: §&) characteristic and (b) basic flux-
locked loop (FLL) circuit. The SQUID is drawn ascacle with two crosses
indicating the resistively-shunted Josephson jonsti and the bias current source is
omitted for clarity.

The dynamic range can be considerably inccehgenegative feedback. The basic circuit
of the so-called flux-locked loop (FLL) is depictedFig. 14(b). The SQUID is biased at the
working point W as in the small-signal readout. Tawiation of the SQUID voltage from
that at the working poinV, is amplified, integrated, and fed back into theUB via a
feedback resistoRr and a feedback coil that is magnetically coupledhie SQUID via a
mutual inductanc®:. Commonly, feedback resistances in tierange are used, making the
impedance of the feedback coil negligible in theqfrency range of interest. For infinite
integrator gain, the flux in the SQUID is kept ctamt by the negative feedback and the
voltageVr across the feedback resistor depends linearlyerapplied flux. In this case, the
transfer coefficient of the flux-locked SQUID

G|:|_|_ = GVF/(NJ = -RF/MF (18)
becomes independent of the working point. The ndises not degrade with applied flux

Page21 of 33



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (gldlealition), April 2016.

because the SQUID is always kept at the chosenimgpoint. However, the integrator gain
decreases with frequency, and deviations occurgét frequencies due to the reduced open-
loop gainGo,. For the analysis of the FLL dynamics we assureentbst common case of an
integrator with a single pole in the frequency wese (other types of integrators are
described in [3,4]). In this case, the room temijpeea electronics (preamplifier plus
integrator) has an overall gaidV{/oV| = feew/f and is fully characterized by the gain-
bandwidth producissw. The SQUID can be considered as a current-to-geltmnverter with

a transresistance

Arr =0VI0Ig = V¢MF/(1+Rdyn/RL) , (19)

whereRyy, is the dynamic resistance of the SQUID at the wgrlpoint andR_ is the input
resistance of the readout electronics. Often tha ta parentheses can be neglected because
Rayn << R_. For wideband systems, however, the transmissimas lbetween the SQUID and
the room temperature amplifier should be termindtedat least be resistively shunted). The
electronics in [59] haR_. = 50Q (realized by negative feedback for minimum noishijch is
comparable to th&yy, of PTB’s 16-element SSAs. In this case, the coteds). (19) has to
be used.

To analyze the FLL dynamics, we first assufmat the feedback loop is opened (for
example by disconnecting the feedback resistor fitwerintegrator output). Knowingg, the
overall gain of the open feedback loop can be tatled as

|Go|_| =f1/f with f]_ = fGBWATR/RF . (20)

The open-loop gainGp, | scales inversely proportional to frequency. lisf&o unity at the
unity-gain frequencyf;. Now we assume that the feedback loop is closedbtain FLL
operation. The idealized FLL in Fig. 14(b) exhibésfirst-order low-pass response with a
3 dB bandwidttsqg = f;. The 3 dB bandwidth is the frequency at whichaheplitude falls to
1N2 or -3 dB. Note that Eq. (20) was derived for twenmon case of a current-biased
SQUID. With voltage bias, a similar analysis carpkeeormed by describing the SQUID as a
current-to-current converter and the feedback edas as a current-to-voltage converter
with a transresistance proportional td. I’he expression fdg will differ from Eq. (20), but
oncef; is fixed, the dynamic behavior of the FLL is giviedependent of the way the SQUID
is biased. Furthermore, the noise is generally inffienced by the SQUID bias mode.
Therefore, all considerations hereinafter will gpjolr both bias modes.

In the basic FLL circuit in Fig. 14(b), thedB bandwidth can be made arbitrarily large by
increasing. In practice, however, an upper limit is imposgdobase lag in the transmission
lines and the readout electronics. A simple buiciefit model describes the combined
parasitic effects in the FLL by an effective deadetty [3,4]. It was shown that with finite
dead time the unity-gain frequency is limited to

f1,max= 0.08ty = fags,ma2.25 . (21)

For larger values off, the FLL exhibits a peak in the frequency respamseven becomes
unstable (oscillation at 0.25/t). According to Eq. (21), the maximum FLL bandwidth
fads,maxiS a factor of 2.25 larger thdnmax A relative increase ifsas malfi max Of Up to a factor
of 3 is common for wideband systems with feedbat Enly for SQUIDS). Note thdt
determines the open-loop gain and hence the lregéon effect, not the FLL bandwidthes.
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Unfortunately, commonlysg is quoted rather thai which gives a too optimistic view of the
dynamic performance. For example, if one likesdaehan open-loop gain of > 4, the highest
signal frequency would big/4 =f34g/9. Thus, in this example the maximum signal frepye

is about one order of magnitude smaller than the Bandwidthf;qg. Generally, for signal
frequencies close thgs, FLL operation is not recommended because thebtezdloop does
not reduce the nonlinear distortion due to phagelat rather increases it. In such cases, the
high-frequency signal of interest is preferably smead in a small-signal readout, and a
“slow” FLL could be used to suppress environmemttdrference at frequencies much below
that of the signal.

For a typical separation of 1 m between SQ@Ha room temperature electronics, the
dead time in the cables amounts¢e 10 ns. The resulting limits according to Eq. (2i¢
f1.max= 8 MHz andfsgs max= 18 MHz, respectively. State-of-the-art readouttetmics allow
FLL dynamics close to these limits [59]. In 2006ratotype FLL with SiGe transistors was
operated in liquid helium nearby a 16-element SS&|.[Due to the short distance and the
wideband setup, a very small dead titne 0.65 ns was achieved. The measured small-signal
bandwidth of 350 MHz was even higher thamsmax = 280 MHz predicted from Eq. (21),
suggesting that the ratfeds malf1 maxWas probably about 2.8 instead of 2.25. Two ykHes,
the cold semiconductor feedback loop was substitbtea large series-parallel array of 640
SQUIDs acting as a current amplifier [60]. A lovediuency open-loop gain of about 20 and a
unity-gain frequency; > 200 MHz were reported. In both experiments, @dines between
4.2 K and room temperature were mandatory. Althahglse experiments clearly confirm the
dead time model, such high bandwidth is commonly needed. In most cases, the
commercial variant of the electronics in [59] pmes sufficient bandwidthfxg max =
20 MHz), even when connecting the SQUID to the osidelectronics via 1 m long twisted
wires.

In the above discussion it was implied thaty can be selected sufficiently high to reach
fade,max FOr wideband systems, very high valuedgfy may be required depending on the
SQUID. For example, the electronics in [59] allows onsétectfcgy up to 7.2 GHz. The full
bandwidth can be achieved at acceptable feedbatarces in the range of 1Qleven for
SQUIDs with a smal”Atr. Decreasing the feedback resistance to boostahéwidth lowers
the output signal amplitude and increases the ddsmam the data acquisition system
following the analog output of the FLL.

Another important parameter is the slew rage, the maximum temporal change in the
feedback fluxd®e/dt|max. IN practice, the slew rate is often more critiden the bandwidth
of the FLL. It is commonly measured by applyingirsusoidal signal flux and increasing the
amplitude until the FLL becomes unstable or thgpousaturates. Here, we discuss the slew
rate at high signal frequencies, i.e., in the regumere it is not limited by the static feedback
range. For the basic FLL with one-pole integratoe obtains

P max=TDpp fy §Pofy With Py = V! Vo] < Po/TT (22)

The maximum slew rate with one-pole integratorégjfiency-independent. It is proportional
to the unity-gain frequencfy and the peak-peak flusb,, calculated from the peak-peak
voltageV,, according to the right side of Eq. (22). One gbes a high slew rate requires a
high intrinsic linearity. For a sinusoidM-® characteristic (which is often a useful first
approximation) one obtains the practical upper tli, = ®o/Tt and a resulting slew rate
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@ fy, i.e., in the best case one obtains abo®t/is per megahertz of bandwidth. Note that
the usable linear rang®y, for the small-signal readout is much smaller thgpdefining the
“intrinsic linearity” for calculating the slew rat®riving a SQUID tot®,, would cause very
high dynamic distortions. In fact, the error flurn the SQUID becomes large when
approaching the slew rate limit, but the net eff@th feedback is strongly reduced if the
open-loop gain is high at the chosen signal frequemhe sinusoidal characteristic depicted
in Fig. 14 has symmetric voltage swingé,,/2 around the working point W. For asymmetric
characteristicsy,, in Eq. (22) has to be replaced by twice the smatiétage swing.

Beside linearization of the transfer functicemother important task of the readout
electronics is to amplify the weak signal from ®@UID without adding (too much) noise.
The preamplifier in the readout electronics is elterized by a noise voltadsamp and a
noise currentyamp at its input. The corresponding power spectralsdies areS, amp and
S.amp respectively. It is commonly assumed that voltagese and current noise are
uncorrelated, which is not exactly true but a reabte assumption to simplify noise analysis.
The amplifier's noise voltage is superimposed te theasured SQUID voltage which
increases the total noise. The amplifier's noisgeru flows through the SQUID, thereby
generating a voltage drop via the dynamic resist&ag of the SQUID at its working point.
To describe the effect of preamplifier current Boig is often convenient to use the current
sensitivity

Mayn depends less strongly on the working point anganasitic effects in the SQUID (for
example due to resonances in the input coil) Rgh Roughly speakingVlayn Scales with the
SQUID inductancd.. One obtains values Qfgy,| betweenL and 2. for low-T, SQUIDs
covering a wide range of SQUID inductances betwéehl and 400 pH [3]. The total noise
of the SQUID including preamplifier noise is givien

Sot=So+SvamdVe + SampMan - (24)

In Eq. (24) the effect of amplifier voltage and raumt noise is expressed as effective flux
noise contributions vi&e andMgyn. It is is convenient to measu¥® and Mgy, in the FLL
mode by superimposing small test signals to the BQUias voltage and current,
respectively, and calculating the resulting fluxasge from the FLL output voltage change.
This way,Ve andMgy, are determined under the conditions of the noisasurement (that is
always performed in the FLL mode) and the preanaplihoise contributions can be
accurately determined. The transfer coefficieviés and Mgy, are also applicable to more
complex circuits, for example a two-stage SQUIDupetin practice, one considers the
SQUID as a “black box” and measurés and Mgy, without regarding the actual type of
circuit.

From Eq. (24) the requirements for the predmplcan be deduced. Assuming a typical
Nb-based SQUID at 4.2 K withlo = 100uV/®o and 1Mgyn = 10pA/ Dy, the preamplifier
voltage and current noise levels should be < 0./HY and < 10 pA/Hz for keeping the
amplifier contributions below the typical SQUID sei of 1udy/VHz. The current noise
requirement is easily met, but the amplifier's agk noise is a severe issue. For arrays with
Ns SQUIDs in series, the flux noise densttyof the SSA scales with Mg, Vo is proportional
to Ns andMgyn is independent dils. As a result, the amplifier voltage noise ternEm (24)
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falls with N§ but the current noise term remains constant antbrbes the limiting

contribution toSy ¢ for large value oNs. We see that amplifier noise can substantially aldg
the overall noise performance. In the following teets we will describe the two most
common methods to minimze the amplifier’s noisetgbution.

B. Flux Modulation Readout

Amplifier noise effects are conveniently discussadhe basis of the noise temperature [58].
For a resistive source, the total effect of amglifnoise is converted into an equivalent
increase in the source resistor's temperature.gh@n voltage and current noise levels, the
amplifier noise temperature depends on the sowsistance. It has a minimu,, for an
optimum source resistan&g,; for which the contributions from amplifier voltaged current
noise are equaRop = (Svamp/S.amp™> For lowest noise, the amplifier should be designe
such thaR,: is matched to the dynamic resistance of the SQR}IR The resulting amplifier
noise temperature should be sufficiently low coredato the noise temperature of the
SQUID, which is about four times its operation t@rgiure according to simulations [13,14].

The achievabl&mi, andRy,: depend of the type of transistors used in thetistage of the
amplifier. Bipolar transistors allow low valu&, = 50Q, but have a relatively a highmin
between about 30 K and 100 K (about 200 K are ptessor Ry, = 10Q). These noise
temperatures are acceptable for the readout of-TygBQUIDs, but for low¥, SQUIDs
special measures have to be adopted to boost theC5Qutput (section Il C). In contrast,
amplifiers based on junction-field effect transisto(JFETs) allow very low noise
temperatures down Gy, = 1 K at source resistances above abou®1kerefore, the noise
of JFET-based amplifiers is sufficiently low for 8D readout, but there is a large mismatch
betweerR,, and typical values dRyyn.
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Fig. 15. SQUID readout with flux modulation: (8@ characteristic and (b) FLL circuit. A square-
wave modulation fluxb,,oq toggles the SQUID periodically between workingmsiw" and W with
positive and negative transfer coefficietif. Components inside the dashed box are at cryogenic
temperature. The dc source for biasing the SQUI@rigted for clarity.

The straight-forward method for impedance tmatg is the utilization of a cold
transformer in a flux-modulated readout schemegB|1,As shown in Fig. 15, a square-wave
modulation flux®mdt) is applied to the SQUID to toggle between two kimy points W
and W placed at adjacent slopes of tfigdb characteristic. Without applied flux® = 0),
zero voltage across the SQUID is obtained. Applyengositive fluxd® >0 results in a
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square-wave SQUID voltagé(t) which is out-of-phase to the modulation fldx,(t) as
illustrated in Fig. 15(a). Accordingly, a negatiflax d® <0 leads to a SQUID voltage in
phase with the modulation flux. Thus, the applidtk fcan be sensed by synchronously
detecting the SQUID voltage at the modulation fesgry. This is commonly done with a
synchronous switch (or a mixer in the case of wathebsystems) after amplifying the SQUID
output with a cold transformer followed by the rotemperature preamplifier. The output of
the lock-in detector is integrated and send bach asrrent into a feedback coil in order to
counterbalance the flux applied to the SQUID. Astfee basic FLL circuit in Fig. 14, the
output voltage/r represents the linearized output signal.

The resistance “seen” by the room temperaumplifier increases with the square of the
transformer’s turn ratio. For a suitably chosem tratio, the low SQUID impedance is noise-
matched to the amplifier, resulting in minimum aiemoise. A small resistance may be
placed between the SQUID and the transformer pyirt@avoid that the SQUID is shorted
by the transformer (the SQUID is operated with agét bias rather than current bias).

The flux-modulation technique was introducedrsafter the invention of the SQUID [61]
and was the only practical readout method untilehy 1990s when direct readout schemes
emerged. The cylindrical dc SQUID of Clarkeal.[62] (which was a first milestone in the
development of reliable thin-film devices) involvactold inductor-capacitor resonant circuit.
However, this is presently uncommon due to the cedibandwidth compared to transformer
coupling. Flux-modulation is an efficient way taceout SQUIDs with smooth, well-behaved
V-® characteristics. In practice, the noise mightease if the characteristics are strongly
asymmetric due to parasitic resonances in the imuaiit structure. Typical modulation
frequencies range between 100 kHz and 500 kHz wRefleamplifiers have excellent noise
performance. At higher frequencies, the currenseoises due to parasitic capacitance in the
transistors, and the noise temperature correspglyddegrades. Square-wave modulation is
ideal in terms of noise because the SQUID is alwaigsed at points with best noise.
However, in particular at high modulation frequesci switching spikes can increase the
noise due to down-mixing. Sinusoidal modulatiorcemvents these problems but increases
the noise because the SQUID dynamically passesighrpoints with reduced and even no
sensitivity.

The main restriction of flux-modulation readlasi a limited FLL bandwidth. Obviously,
the maximum FLL bandwidth is lower than the modolatfrequency, which also results in a
reduced slew rate. Early systems used modulatiohO@tkHz. In 1984, a first wideband
system with 500 kHz square-wave modulation wasrtedanvolving two transformers (one
cooled and the other at room temperature) [63].tHe mid 1990s, wideband SQUID
electronics with 16-MHz flux modulation were devedal using a resonant superconducting
thin-film transformer [64] or a non-resonant teratied transmission-line transformer [65]. A
closed loop bandwidth exceeding 2.5 MHz and a sétes greater than ®y/us at frequencies
up to 1 MHz were reported in [64], which are roygkbnsistent with the dead tinig =
100 ns deduced from the measured phase responsaefihigher modulation frequency of
33 MHz was reported for a high-system involving two transformers and 56 cm lofg%
cables between 77 K and 300 K [66]. This high matioh frequency enabled an FLL
bandwidth of 10 MHz and slew rates of up to abdu®d/us which are record values for flux
modulated systems. However, modulation frequendgebstantially above 1 MHz are
inconvenient in practice due to increased compfesihd high demands on the wiring
between the cryogenic part and the room temperafectronics. Therefore, flux-modulated
SQUIDs are commonly operated at modulation fregesneell below 1 MHz.
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C. Direct Readout

In the early 1990s, direct readout schemes withibut modulation were developed,
stimulated by the need to simplify the electronafsbiomagnetic multichannel systems
[51,53,67,68]. Nowadays, direct readout is widedgd in particular when applying SQUIDs
as preamplifiers for superconducting detectors.r@ke past decades, various concepts for
amplifier noise reduction were introduced by diéfietr research groups. This has lead to a
quite confusing diversity of acronyms and notatioRecently, a general approach for
understanding and analyzing direct readout schéareSQUIDs was published [69]. It was
pointed out that all existing methods for supp@ssf room temperature amplifier noise are
based on feeding the SQUID voltage and/or currank bnto the SQUID loop. Voltage and
current feedback were introduced in the early 1990der the nameadditional positive
feedback APF) [53] andbias current feedbac{BCF) [51], respectively. It was further shown
in [69] that direct SQUID readout schemes can be/eniently analyzed by considering the
SQUID and the amplifier separately. This approdéiws an intuitive understanding of the
various readout concepts reported in literaturd, lands to simple mathematical expressions
for the expected overall behavior.

It was stressed in [69] that the noise suginesdoes not depend on the way the SQUID is
biased (constant current or voltage). The bias nuaalebe selected independently from the
noise optimization according to the requirementdyinamic range and linearity. Current bias
Is more straightforward, but voltage bias yieldsedter intrinsic linearity of the SQUID and
thus a better slew rate at given bandwidth. Foreldohd systems, the cable between the
SQUID and the amplifier should be terminated (deast be resistively shunted). This means
that wideband system commonly apply neither ideatent bias nor ideal voltage bias, but
rather a mixture of both.

Preamplifier voltage noise commonly makesdalireadout of single SQUIDs impossible.
To circumvent this problem, voltage feedback wasoduced in 1990 under the name APF
and applied to a current-biased SQUID magnetonig8r Subsequently, it was utilized for a
voltage-biased SQUID [67] and later nanmasise cancellatiofNC) scheme [68]. The basic
voltage feedback circuit is depicted in Fig. 16(aonsists of a resistd®a and a coilLa in
series, both connected in parallel to the SQUIDe €hil Lp is magnetically coupled to the
SQUID via a mutual inductandds. Assuming that the SQUID is biased at a workinmpo
W at the positive slope of thé-® characteristic, a positive change in flo® will cause a
positive voltage chang@V. The resulting increase of the current in the tgilinduces an
additional, positive flux in the SQUID vid, which increases the SQUID voltage further and
leads to an enhanced transfer coefficigpt Similarly, the transfer coefficient is lowered
when W is located at the negative slope of Yhé characteristic. Therefore, thé-®
characteristic becomes strongly asymmetric as satieasly shown in Fig. 16(a). The®
characteristic, however, is not affected by voltéggedback since it is measured at constant
SQUID voltage and thus at constant current thrabhglfeedback colla.

With voltage feedback, the transfer coeffitiép can be sufficiently boosted to make the
amplifier voltage noise contribution smaller th&e tintrinsic SQUID noise. The peak-peak
voltage swingVpp is somewhat reduced becau’e resistively loads the SQUID. Thermal
noise inRa causes some extra flux noise in the SQUID whidrcteptable iRy has the same
operation temperature as the SQUID (typic&lyis integrated on the SQUID chip). It was
shown that for adequate dimensioniigy € 2.5R) the increase in the noise enegygue to
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voltage feedback is about half the theoretical #@ocording to Eq. (5) [3].

As generally the case, positive feedback lgdada bandwidth reduction. This is not a
severe limitation in practice since the feedbackuii is commonly integrated on the sensor
chip and has a sufficiently high bandwidth. Foruarent-biased SQUID, the reduction in the
intrinsic linearity ®,, leads to a degradation in slew rate. However, ithisften acceptable
because the bandwidth with direct readout is ratigdr. With voltage bias the slew rate is not
degraded because tha&b characteristic is not affected. If the voltagedie®ck is made too
strong, hysteresis occurs in thed characteristic. Due to wideband noise “smearing’the
hysteresis, the onset of hysteresis might not begrézed in the experimental setup and a too
high feedback gain might be chosen. This can réswdkcess noise from random switching,
although the measur&t® characteristic may look smooth and non-hysteretic.

Voltage feedback — V-® characteristic is tuned

M Fixed |

. !
’ i | Fixed V Y

(@) ¢

Current feedback - I-® characteristic is tuned
Lg | 1
\Y W
(0] Mg lv Fi)ieii 1

(b) ' o

Fig. 16. Basic circuits for (a) voltage feedback and (birent feedback. The SQUID characteristics
without feedback (dotted lines) and with feedbaaiid lines) are schematically depicted on thetrigh
side. With voltage feedback the swing in tigb characteristic is reduced becauRe resistively
loads the SQUID, whereas with current feedbackfuieswing is preserved. The working points W
yield positive feedback in both cases (a) and The flux offsets are chosen such that the working
points without and with feedback coincide.

There are other methods to obtain a largeagelttransfer coefficient, for example using
SQUIDs with weakly shunted Josephson junctions aipdrnear the hysteresis limit [59,70]
or SQUIDs with unshunted junctions based on relaratscillations [71] Although theV-®
characteristics remain symmetric in these cases, ititrinsic linearity ®,, is reduced
compared to a standard SQUID. Only SSAs offer largaesfer coefficients combined with
highest possible linearity. If it is unavoidable itacrease the transfer coefficient at the
detriment of linearity, the feedback gain should lo® chosen unnecessarily high but just high
enough to obtain an acceptable amplifier noisertdmrtton.

For direct readout of single SQUIDs, preanmgliicurrent noise is generally not critical
except in the low-frequency regime or at very higlguencies where the current noise of
semiconductor amplifiers typically increases. Carmeise was completely disregarded in the
early phase of direct SQUID readout [53,67]. Howeadew years later it became an issue at
PTB due to relatively high-ohmic SQUID magnetom&tand a high 1/noise level of the
amplifiers used at this time (Linear Technology DZ8). As a countermeasure, current
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feedback was introduced under the name BCF [518. ddrresponding circuit is depicted in
Fig. 16(b). A coilLg (which is connected in series to the SQUID) is negally coupled to
the SQUID loop via a mutual inductanigl. For the analysis we assume positive feedback at
the chosen working point W. If the current changgsa small amoundl, the resulting
voltage change via the magnetic coupifygMgdl will be added to the voltage chandymdl
resulting from the SQUID’s dynamic resistance. Gating the total voltage change into flux
one obtaind® = (Mg-Mgyn)dl. The total flux change becomes zero kg = Mgy, Which
means zero dynamic resistance of the SQUID withreotir feedback and complete
suppression of amplifier current noise. In otherrdgo the transfer coefficient of tHed
characteristide, = d1/0® becomes infinite.

We conclude that both voltage and current baek lead to strongly asymmetric
characteristics with substantially boosted transfeefficient Vo or lo at the slope with
positive feedback. Note that in Fig. 16 the dictof the current is reversed as in [69]
contrary to the normal convention. With reversed-ent direction optimum amplifier noise
suppression always occurs for positive feedbacthabthe similarity of voltage and current
feedback can be demonstrated more clearly.

Complementary to voltage feedback, currentilieek modifies thé-® characteristic but
does not affect thg-® characteristic. In contrast to voltage feedbale&re is no reduction in
the current swing and no excess flux noise. Howewnviteband noise may distort the SQUID
characteristic similar to the case with voltagedfegck (in particular for SQUIDs with high
inductance). It is advisable to connect a resiRioin parallel to the feedback cdik in order
to limit the feedback bandwidth [51]. The extraxflnoise due to thermal noise Ry is
typically insignificant Feeding the bias current asymmetrically into tgJ8 has a similar
effect as current feedback. In this case, halhef$QUID inductanck acts as an “intrinsic”
feedback coil with an effective mutual inductaridg = =L/2 [72]. Most SQUID sensors
developed at PTB are equipped with this technigueetiuce the dynamic resistance at “no
expense.”

Current feedback is also well suited for a-stage SQUID to increase the flux gain
between the first and the second stage. This was diemonstrated in [38] under the
somewhat misleading acronym APF (which was atttiie not considered as a synonym for
voltage feedback but rather used to indicate tmatdditional feedback was positive). PTB’s
two-stage sensor are normally equipped with curfeedback (see Fig. 10). Using negative
instead of positive current feedback, the lineadtya SQUID or SSA can be increased to
enable operation without room temperature FLL. Thechnique was introduced
independently by two research groups under the sauput current feedbackOCF) [60]
andcurrent-sampling feedbadk 3].

Voltage and current feedback can be combimedrfaximum suppression of amplifier
noise. This was first demonstrated in 1993 for raegrated multiloop magnetometer with
current bias [51]. This particular device involhvadpecial design where the feedback resistor
Ra is merged into the junction shunt resistors arg one feedback coil is used to realize the
functions ofLa andLg. A combination of voltage and current feedback vexently applied
to a voltage biased SQUID and published under #maeSQUID bootstrap circuit{SBC)
[74]. A description of the different implementatgis given in [69].

With direct readout a high bandwidth can galsé obtained because there is no limiting
modulation frequency and the loop delay can be mamtg small. The first system with
voltage feedback, published in 1990 [53], achiexdzhndwidth of 0.5 MHz. Five years later,
the bandwidth was increased to 5 MHz [75], comparab the fastest systems with flux
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modulation at this time. Another factor of 3 impeovent to 15 MHz was achieved in the
following two years [76]. Since then, there was yoslight improvement to 20 MHz
bandwidth [59] because the overall FLL performamcdimited by the loop delay in the
wiring between the cryogenic part and the room &napire electronics. Several 100 MHz
bandwidth were demonstrated with “cold” FLL electics [38] or on-chip feedback by large
SQUID arrays [60], but these techniques have nobine established. In contrast, direct
readout electronics with a bandwid&b MHz are nowadays commercially available and
widely used. The noise spectra shown as examplésisnchapter were measured with the
commercial variant of the electronics in [59] (XXFrom Magnicon GmbH, Hamburg) and
include the noise contribution from the preampififie

V. CONCLUSIONS

We are looking back to half a century of SQUID biigt The initial devices were made from
machined bulk Nb with point contact junctions reatl by screws. A big step forward was the
advent of reliable thin-film tunnel junction proses in the 1980s, predominantly the Nb-
AlOx-Nb trilayer technology. In the beginning, tldevelopment of SQUIDs was mainly
driven by biomagnetism. The need for large biomégnaultichannel systems initiated a
rapid development of SQUID concepts and readowraels, in particular in the 1990s. At the
same period another important field emerged, the afs SQUIDs as preamplifiers for
superconducting detectors.

Today, SQUID technology has become mature. éviodNb-based devices are extremely
sensitive, versatile and robust, but their maintri@®n is the need for cryogenic
temperatures. Nevertheless, SQUIDs are widely usedbiomagnetism, astronomy,
geomagnetism, material sciences, and metrology. yMarteresting experiments in
fundamental research became possible thanks t&@ielD’s ultimate sensitivity. SQUID
current sensors are used as preamplifiers for ldegector arrays, for example SCUBA-2
with more than ten thousand TES bolometer pixelaimBrous large biomagnetic
multichannel systems with sophisticated noise d&atmn techniques are operated
worldwide, partially in clinical environment. Thesgystems are commercially available as
well as small-scale laboratory SQUIDs, where ther «&n individually design the pickup
circuit for his specific application. Although begira small component in the whole system,
the SQUID decisively determines the overall systparformance. An example is the
magnetic property measurement system, probably lest-seller in SQUID-based
instruments. Being equipped with a cryocooler, tiser has not to care about cryogenic
cooling. The user-friendliness of SQUID-based imstents has also been greatly improved in
the past decades. Nowadays, systems are inevifiahtycomputer controlled and operable
even for non-scientists.
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