High- T, superconducting gradiometer with a long baseline asymmetric flux
transformer
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The planar gradiometer consists of a directly coupled magnetometer inductively coupled to the
smaller loop of an asymmetric, two-loop flux transformer patterned in a single film of
YBa,Cuw0O;_,. The coupling is adjusted mechanically to balance the gradiometer to about 1 part in
3000 with respect to fields perpendicular to its plane. The baseline is 48 mm and the intrinsic
balance with respect to in-plane fields about 1 part in 1400. When a magnetic field is applied solely
to the magnetometer, its sensitivity is reduced by only 5% by the presence of the flux transformer.
© 1997 American Institute of PhysidsS0003-695(97)04138-7

In many applications of superconducting quantum inter4oop of inductancé.; and area\; coupled to a pickup loop of
ference device6SQUIDs, notably magnetoencephalography inductancel. , and area\,. The mutual inductance between
and magnetocardiology, one needs to measure relativelyie magnetometer and input loopN& = a(L L;) Y2
weak magnetic signals from a nearby source in the presence We first find the condition for the gradiometer to be
of a much higher background noise. One addresses this probalanced, that is, for the directly coupled magnetometer to
lem by using a magnetically shielded enclosure or spatiaproduce zero output in response to a uniform magnetic field
gradiometers,or often a combination of both. In the case of B, [Fig. 1(@]. Using flux conservation, we find
low-T. SQUIDs, axial gradiometers consisting of two pickup
loops wound in opposition from niobium wire are commonly ~ BAn—Lpndm—M;J;=0 (1)
used, usually measuring either the first- or second-order di-
agonal derivativesB,/Jz or 9°B,/9z% (B, is the component and
of magnetic field in thez direction.? The baseline is, typi-
cally, 50—100 mm. Planar thin-film gradiometers measuring ~ Bz(ApTA) —(Lp+L)J—MiJn=0, 2
an off-diagonal gradient such @8,/Jx are also used.An ) )
alternative approach is to subtract the signals from two otvheréJm andJ; are the screening supercurrents in the mag-

more magnetometers to form diagonal or off-diagonal”etometer Ioo_p and transformer, respectively. To ac.hieve the
derivatives*® In the case of high, SQUIDs, the use of wire Palance conditiod,,=0, we solve Egs(1) and(2) to find

is currently not a viable option. Thin-film, planar gradiom-
eters, albeit with rather short baselines, have been success-
fully demonstrated, as have gradiometers formed by elec-
tronic subtractior?:” To our knowledge, however, there has
not yet been a demonstration of a high-gradiometer in-
volving a flux transformer with a baseline that is sufficiently
long for biomagnetic measurements.

In this letter, we describe an asymmetric, planar gradi-
ometer measuringB,/Jx fabricated from a thin film of
YBa,Cu;0O;_ (YBCO) with a baseline of 48 mm. We have
achieved a balance in tlzedirection of about 1 part in 3000.
The gradiometer evolved from a design by Zimmerfrian
a wire-wound, axial gradiometer coupled to a fractional-turn
SQUID machined from niobium; a thin-film version was
demonstrated by Matlasht al® The device, shown sche-
matically in Fig. 1, consists of a directly coupled SQUID
magnetometer with a pickup loop of inductarigg and area
A, and a superconducting flux transformer with an input

a=[An/(Ap+ADI(Lp+ L)/ (LiL ) Y2 ()

Obviously, one must choose parameters so thatl. To
find the response to a gradiei,/dx, we apply a fieldsB,

dCurrent address: TRW Electronics Systems and Technology Division, One
Space Park, Redondo Beach, CA 90278. FIG. 1. (a) Schematic of the gradiometer, consisting of an asymmetric flux
YDeceased. transformer coupled to a directly coupled magnetometer;(Bhdonfigura-
9Current address: Department of Ecological Engineering, Toyohashi Unition of the flux transformer inductively coupled to the magnetometer
versity of Technology, Tempaku-cho, Toyohashi 441, Japan. (shaded squaje
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to the magnetometer loop and input loop only. The current

induced in the pickup loop of the magnetometer &3, E) 1ol SEREE . 10°
= 75B,A, /L, Where <

3 a

.8' . .-._.- 1 1 o
7=[Lp/Li+ 1= a(Ln/L) VA JAG(Lp/Li+1-a?), (4) 3 109 . 2

a 3 0" -
represents the screening effect of the flux transformer. As we 3 12 o b 102 &
shall see, with appropriate designis only slightly less than E, 10F o 3
unity so that the sensitivity of the magnetometer itself is not 8 100 : o s <
significantly reduced by the presence of the flux transformer. >£<, 10% S TTTT AT T , 10

To test this concept, we fabricated a gradiometer in the > 5
configuration of Fig. b). The single-layer, directly coupled X (mm)
magnetometer was patterned by photolithography and Ar ion
milling in & 150 nm thick film of YBCO laser deposited on & i, 2. amplitude of the signal from the flux-locked loop for a uniform 100
10X 10 mn? SrTiO; bicrystal. The outer and inner dimen- Hz magnetic field applied at right angles to the gradiometer vs the position
sions of the magnetometer loop are 10 and 2 mm, respec’S-Of the input loop relative to the magngtometer. Right-hand ordinate is the
tively, yielding an estimated inductants, of 4 nH and an  Palance factor. Inset shows expandedxis.
estimated ared,,, of 20 mn?.1%!1 We estimate the SQUID
inductance to be 50 pH, including contributions from the twoObservations on an oscilloscope show that the phase of the
1 um wide junctions. The critical current and resistance peoutput signal relative to the driving field changed sign across
junction are 20QuA and 1.2Q), respectively. The flux trans- the minimum. The minimum represents the optimum balance
former was fabricated from a 260 nm thick YBCO film co- point of the gradiometer, and corresponds to a reduction in
evaporated at Conductus on a 100 miplane sapphire wa- the response to the applied magnetic field of approximately
fer, buffered with Ce@ and patterned by photolithography 2930. This value may or may not represent the intrinsic bal-
and etching in a 0.05% aqueous solution of HN®@/e esti- ance limit; it is entirely possible that gradients introduced
mate the inductance and area of the input coil tolhe into the 100 Hz magnetic field by nearby steel objects were
~10 nH andA;~36 mn¥, and of the pickup loop to bk, the limiting factor. The balance remains stable at 77 K, but
~50=5 nH, including a 13 nH contribution from the strip- requires readjustment after the gradiometer has been ther-
line, andA,~411 mnt. From Eq.(3), these estimated values mally cycled.
lead to@=0.43+0.04, and from Eq(4) to »=0.95; thus, An important criterion for a useful gradiometer is that
the presence of the flux transformer reduces the intrinsic serthe response to fields applied in the plane of the gradiometer
sitivity of the magnetometer by only 5%. The gradiometershould also be low. To evaluate the response inytldérec-
base line, given by the separation of the midpoints of thdion, we first rotated the dewar by approximately 90° with
input and pickup loops, is approximately 48 mm. the gradiometer unbalancek=0) to locate the precise

We mounted the magnetometer and flux transformemngle 6,,, at which the minimum response to the 100 Hz
face to face, separated by a 2uBn thick mylar sheet and occurred. We restored the dewar to its original position, bal-
(after some experimentatipseveral layers of 5um thick  anced the gradiometer, and then rotated the dewar back to
Teflon tape. The magnetometer was attached to a fiberglags,. This procedure yielded an average rejection in yhe
mount while the flux transformer was attached to a delrindirection of about 1400. As before, we were unable to deter-
mount, the position of which we could adjust in thelirec-  mine whether this residual response was intrinsic to the gra-
tion from outside the cryostat by means of a screw. In thiddiometer or a measure of the nonuniformity of the 100 Hz
way, we could vary in situ to obtain the balance condition field.
of Eq. (3); the position of the flux transformer could be ad- As a demonstration of the reduction in ambient noise, in
justed to about 2.5um. The gradiometer was immersed in Fig. 3 we show the output of the magnetometer for the un-
liquid nitrogen with thex axis vertical and the magnetometer balanced X=0) and optimally balanced cases, with the sig-
at the lower end. There was no magnetic shielding. Thenal from the Helmholtz pair switched off. The 60 Hz peak is
SQUID was flux modulated at 100 kHz and operated in areduced by a factor of 1600. This reduction is consistent with
flux-locked loop. To assess the balance of the gradiometethe balance we have been able to achieve, but it is possible
we placed it at the center of a 1.2 m diam Helmholtz pair,that the residual signal arose from a gradient in the 60 Hz
with the axis of the coils perpendicular to the plane of thefield. The peaks at 40 and 80 Hz are of unknown origin;
gradiometer. We injected a 100 Hz current into the coils angeaks at lower frequencies are due to microphonics.
averaged the output from the flux-locked loop 200-400 Finally, we measured the response of the balanced gra-
times, using a spectrum analyzer. diometer to a gradient fieldB,/dx by passing a 100 Hz

The output of the magnetometer at a fixed 100 Hz mageurrent through a long wire in thg direction placed verti-
netic field versus the position of the flux transformer is plot-cally below the gradiometer, parallel to its plane. The sepa-
ted in Fig. 2; atx=0, the position of the input loop is entirely ration of the wire from the midpoint of the baseline was
outside the central hole of the magnetometer pickup loopchanged progressively from=0.5—-0.75 m, distances sub-
and the coupling between them is small. As we slide thestantially greater than the base line. The gradiometer re-
input loop towards the opening in the magnetometer loopsponse versus distance is shown in the inset in Fig. 3. The
the output from the flux-locked loop progressively decreasedeast-squares-fitted slope on this log—log plot,1.90
dipping sharply neax=4.3 mm, and then increases again. £0.05, is close to the expected value -oR2. We note that
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with respect to magnetic fields perpendicular to its plane.
Direct measurements and the observed reduction in the am-
bient 60 Hz noise indicate an in-plane rejection of better than
P 1 part in 1000. This combination of balance and relatively
long base line, together with the minimal reduction in the
sensitivity of the magnetometer, make this highgradiom-

eter eminently suitable for multichannel arrays for biomag-
netic measurements. One could subtract signals among the
gradiometers to achieve higher-order gradients and use mag-
netometers measurirg, andB, to reduce the pickup of the
in-plane noise. However, in such arrays, it would be imprac-
ticable to balance the gradiometers mechanically in the way
we have described, not least because of the need to repeat the
procedure after thermal cycling. A more practicable ap-
FIG. 3. Output of the flux-locked loop for the unshielded gradiometer atproaCh might be to couple the flux transformer permanently
optimal balancélower tracg and with flux transformer at=0. Inset shows ~ t0 the magnetometer in a flip-chip arrangement and to

the signal from the flux-locked loop for the optimally balanced gradiometergchieve the final balance by laser trimming a speciaIIy de-
vs the distance of a wire carrying 100 Hz current below the centerline of signed region of the transformer
the gradiometer. )
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