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Three magnetometers based on dc superconducting quantum interference d8@¢tHO
fabricated from YBaCuO;_, have been operated in a magnetically shielded room using a
flux-locked loop involving additional positive feedback with bias current reversal. Two of these
devices, integrated multiloop dc SQUIDs with outer diameters of 7 mm, achieved white noise levels
of 10 fT/\JHz for bicrystal junctions and 30 fRHz for step-edge junctions. The third
magnetometer involved a flux transformer with axti® mn? pickup coil connected to a 16-turn
input coil which was inductively coupled to a bicrystal SQUID. This device achieved a white noise
of 16.2 fT/\/Hz. High quality magnetocardiograms were obtained without signal averaging.
© 1996 American Institute of Physids$S0003-695(96)02013-9

To operate a dc superconducting quantum interferenc¥ BCO) multilayer process with step-edge junctidn¥he
device(SQUID) in a flux-locked loop one commonly applies other multiloop device and the flip-chip magnetometer were
an oscillating magnetic flux and demodulates the voltagdabricated at the University of California, Berkeley and
across itt An alternative scheme, additional positive feed-Lawrence Berkeley National Laboratory using a YBCO-—
back (AFP),2 involves no such modulation, enabling one to STO-YBCO multilayer process with bicrystal junctichs.
construct lower cost and more compact multichannel sysThe flip-chip magnetometer consists of a flux transformer
tems. This scheme has been used successfully in several miith a 10x10 mn¥ pickup loop connected to a 16-turn input
tichannel systems involving low-transition temperatufg)(  coil that is inductively coupled to a 506m square washer
SQUIDs. The lack of modulation in the original APF schemeSQUID with bicrystal junctiond:® The flux transformer and
means that low-frequency critical current or resistance flucSQUID are pressed together with auBa-thick mylar foil
tuations in the Josephson junctidmse not suppressed; how- between them. The crossover was aligned to cover about
ever, in high quality lowF junctions the influence of these /5% of the length of the slit in the SQUID wastgype A/C
fluctuations is often negligible compared with other sourcedn Ref. 9, thus providing a ground plane to reduce the self-
of low-frequency noise. In contrast, critical current fluctua-nductance of the SQUID to about 30 pH. The parameters of
tions are the dominant source of low-frequency noise i€ magnetometers are listed in Table I. o
high-T, dc SQUIDs and one must inevitably use a bias cur- _The APF CIrCUIt.ConSIStS of a resistBy and a_conLa1 in
rent reversal scheme to reduce themRecently, an APF Series, connected in parallel with the SQU(BIg. 1). A

S tant bias current, maintains a voltage/ across the
scheme with bias reversal has been developed and succe gns L . ) .
fully tested with lowT, multiloop SQUIDs? In this letter, QUID which is equal to the bias voltai if the SQUID is

we report the use of bias reversal in an APF flux-locked Ioopat its working point. A small increase in the magnetic fibix

to reduce the low-frequency noise in high-SQUID mag- in the SQUID produces a small change\in The resulting

netometers. and demonstrate the use of these devices to 0c;Du_rrent change in the APF circuit induces an additional flux
' In the SQUID via the mutual inductandd ;, between the

tain high quality magnetocardiograms in a magneticaIIyAPF coil and the SQUID, thereby increasing the flux-to-

shleII:dedhr_oom.d q . d multi voltage transfer function t&/¢=0V/d® =V ;/(1-G,),
or this study, WE USEC two Integrated multiloop magnes nere Vg i is the intrinsic transfer function without APF
tometers and one flip-chip magnetometer. The multlloop(ie with R —0) and

.e., a

magnetometers have an outer diameter of 7 mm and consist

of 16 pickup loops connected in parallel across two junctions Ga=(Ma+d®/dl)Vg i/R;=1 1)

to form a SQUID with an inductance of about 145 PHE s the APF gain® Note that with APF the bias current must
Qne of these devices was fabricated at Philips Hamburg ussa increased by\l,=V, /R, compared to the case without
ing a YBgCU;O7,—SITiO;~YBaCUO7 (YBCO-STO-  aApF in order to have identical working points. The spectral
density of the total flux noise with APF at frequentyis
30n leave from the University of California, Berkeley, CA. given b);‘o
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TABLE |. Parameters and performance of highmagnetometers with ad- : (/_ rr— :
ditional positive feedback operated inside a magnetically shielded rooml.fent noise levels of 1 nViHz and 2 pA/ Hz with 14 noise

The noise was measured with bias revefsalues in parentheses with static COrNer frequencies of about 7 and 270 Hz, respectively. For

bias. all the magnetometers we used a 7-turn APF cail, (
—— _ _ =3 wH) and a single-turn feedback coil of 0.05 mm diam,
Magnetometer type Flip-chip  Multloop  Multiloop varnish-insulated Cu wire. The metal film APF resistor was
Junction technology bicrystal ~ bicrystal  step-edge selected for each SQUID to maké,=0.9. The current
Pickup coil shape square circular circular noise of the preamplifier is sufficiently low so that it was not
2::;2\23'8%3% 213 1724 1723 n”;(;)” necessary to reduce-9®/Jl by bias current feedback
SQUID inductance. ~30 —145 145 oH (BCF).™* To minimize the number of wires between 77 K
Mutual inductanceM , 330 840 1050 pH and room temperature we measured the SQUID voltage in a
APF resistanc®, 12 34 8.7 Q two-terminal configuration. The bias voltayg was gener-
Junction resistancR 1.8 13 3 Q ated by passing a bias currdgtthrough a cooled metal film
Bias currend, 186 11 11 HA resistorRy. The deviation between the SQUID and bias
Bias voltageVy 32 24 =30 Ny . .
Voltage swing BV 215 175 4.7 Y, yoltages was ampllflgd, integrated, and fed back as a current
V= dV/Id ~900 =700 ~125  uVid, into the feedback coil. For the magnetometers used here, the
= 9P/l =Rgyn/ Vo =0.03 012 ®g/uA feedback range was betweer60 and=90 nT, and the 3 dB
VSg i(white) @ 14413 88(70 26(225 fT/\Hz  pandwidth of the flux-locked loop was between 40 and 200
JSs(white)® 162(15 109 307D  fT/\Hz  KHz The feedback electronics are described in detail
JSa(1 kH2) 16335 13 (22 3132  fT/JHz elsewherd
17.8(9) 53 (74P 346(57 fT/JHz ) . . . :
\/@(10?_' ch) 135(850 110280 94(800 1T/ \Fiz The SQUID probe was inserted into a low-noise bio-
s(1 H2 magnetic dewar filled with liquid nitrogen, with a separation
a\easured with bias reversal at 5 kiizith static bias at 20 kHz of about 13 mm between the magnetometer and the outer end
*Deteriorated due to a random telegraph signal. of the dewar. The system was operated in the Berlin mag-
“Includes environmental noise contribution 50 fT/\Hz. netically shielded roontBMSR).12 The sensitivityd/® (B is
the flux density was measured using a calibrated 20-cm-
So(f) =S i(f)+4kgTRy(Ga/ Ve )2+ Sv‘am‘{f)/v(zp dla}m Helmbholtz coil. TheV—(I) characteristics of the fl|pf
) chip and step-edge multiloop magnetometers are shown inset
+S amd ) (9P/a1)". (2)  in Fig. 2, along with their magnetic flux density noise mea-

Here,Sy ;(f) is the intrinsic flux noise spectral density of the SUTed with both static bias current and bias reversal at 15
SQUID without APF, &5TR, is the Nyquist voltage noise kHz (flip-chip) or 9 k_Hz_ (multiloop). '_rhe basic parameters
of the APF resistorSy, amdf) andS; .md f) are spectral den- of thgv-db characterlsnc_:évoltage swing 26V and_transfer
sities of the voltage and current noise of the preamplifierfunctionVe) and the noise at selected frequencies are also
— d®/3l =Ryy/ V¢ is the current sensitivity (i.e., current- listed in Tat.)I.e I. With static b|a§ the APF schgme QOes not
to-flux transfer function at constant SQUID voltagand ~ SUPPress critical current fluctuations of the two junctions that
Reyn=3V/4l is the dynamic resistance of the SQUID. Equa-aré in phase, so tha.t the Iow-frquency noise is higher than
tion (2) shows that APF reduces the effects of the preampWith the flux modulation schentawhich does suppress these
lifier voltage noise by increasingq, , whereas the effect of fluctuations. With bias reversal, both in-phase and out-of-
the current noise remains unchanged sinced/dl is not ~ Phase fluctuations are suppresS$eahd the low-frequency

affected by APF! The bandwidth of the enhanced transfer Noise is strongly reduced, as is evident in Fig. 2 for frequen-
function, given by the bandwidth of the APF circuit, cies below a few kHz. We see that at 1 Hz the noise contains

=R,/27L, divided by V4 /Vgi, is (1—Gg)Ra/2mL,. a noticeable contribution from the ambient magnetic field
Typ|ca||y, we ChOOS%a:O.g as a good Compromise be- noise inside the shielded room. With bias reversal the white
tween low noise and high bandwidth. noise of the flip-chip, bicrystal multiloop, and step-edge mul-

The SQUID was connected directly to the preamplifiertiloop magnetometers was 16.2, 10, and 30\Hiz, respec-
(Analog Devices AD79Y, which has white voltage and cur- tively; in each case with a static bias the white noise was

slightly lower. From Eqgs(1) and(2), we estimated that the
intrinsic white SQUID noise IeveI@ are typically 14%

bimm m lower than the total white noise levelsSg mainly due to the
Nyquist noise of the APF resistdTable ).

At frequencies between a few Hz and about 1 kHz the
noise of the bicrystal multiloop magnetometer was seriously
degraded by a random telegraph sigfRI'S) with an ampli-
output tude of about X10™3 &, (P, is the flux quantumwhich
could not be removed by repeated thermal cycling. We be-
. lieve this RTS was caused by a defect that developed in the
feedback . eight months of storage since the original testing of the
———————————————— ' device® To determine the noise in the absence of the RTS
FIG. 1. APF flux-locked loop. The Josephson junctions are indicated b))Ne measured a noise spectrum from pulse-free time traces
crosses on the SQUID loop. using the “manual preview” averaging mode of our HP

integrator

A

- bias resistor
Ry=Vp/1p

A
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o 10% FIG. 3. Real-time trace of a magnetocardiogram measured in the magneti-
cally shielded room without power line filters witl) the flip-chip magne-
tometer andb) the step-edge multiloop magnetometer. The measurement

bandwidth is 0.016—200 Hz.
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