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High T, superconducting second-order gradiometer

A. Kittel,¥ K. A. Kouznetsov, R. McDermott, B. Oh,” and John Clarke®
Department of Physics, University of California and Materials Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, California 94720

(Received 22 July 1998; accepted for publication 11 August 1998

A planar, second-order gradiometer was fabricated from single-layer,OtB@,_, films. The
gradiometer consists of a symmetric flux transformer with an overall length of 80 mm inductively
coupled to a directly coupled magnetometer, and has a baseline of 31 mm. The mutual inductance
between the flux transformer and the magnetometer is adjusted mechanically to reduce the response
to a uniform magnetic field applied perpendicularly to the plane of the gradiometer to typically 50
ppm. From an independent measurement, the residual first-order gradient response was determined
to be at most 1.4% relative to the second-order gradient respons&998® American Institute of
Physics[S0003-695(98)03641-9

A major application of superconducting quantum inter-apply a uniform magnetic fiel&, with a superimposed gra-
ference device$§SQUIDS is the detection of weak magnetic dientdB,/dx such that the magnetic fields applied to the two
signals from the human brain or hediBuch measurements outer loops of the flux transformer ai,—1,B,/dx and
are rendered difficult by the presence of background noiseéB,+1,9B,/dx, respectively. Herd, andl, are the distances
which one attempts to mitigate by means of either a magnetifrom the midpoint of the central loop to the midpoints of the
cally shielded room or flux transformers configured as spatiapickup loops 1 and 2. Conserving magnetic flux in the
gradiometer$,or often both. In the case of loW, SQUIDs,  pickup loop of the magnetometer and in the transformer, we
one uses either wire-wound axial gradiometers or thin-filmfind:
pla_nar g_rad_iometers; in the case of hig“ig SQUIDs, for B,A;— L Jp—MJ,=0, 1)
which wire is not currently a viable option, only planar gra-
diometers have been realizédhn alternative approach to (B;=119B,19X) A1+ (B, +1,0B,/9x)Apy + BLA;
measuring either diagonal or off-diagonal gradient compo-
nents is to subtract the output from two or more “ILprtLppt L) = MiJn=0. 2
magnetometer.Because the background noise generallyHere,J,, andJ, are the screening supercurrents in the mag-
originates in relatively distant sources, the magnitude of theaetometer and transformer. It is evident from E2).that the
noise relative to the signal from a nearby source is progreseurrent in the flux transformed, is insensitive todB,/dx
sively reduced as one implements higher order gradiometerprovided | ;A1 =1,A,,. For a symmetric flux transformer

In an earlier publicatiohwe described an asymmetric, we setl;=I,=I andA,;=Ap,=A,, and solve Eqs(1) and
planar gradiometer fabricated from a thin film of (2) to find the condition for zero responsé,(=0) to uni-
YBa,Cu;0,_, (YBCO) that measures the off-diagonal gra- form fields:
dientdB,/dx (B, is thez component of the magnetic figld _ 112
The gradiometric flux transformer is inductively coupled to a a=[Aml(2Ap+ AD1(2LpH L)/ (Likm) ™ &)
magnetometer and its action is to cancel any uniform magClearly, one must choose parameters so thatl.
netic field applied to the magnetometer; however a gradient

dB,/dx produces a response from the magnetometer. In this (@) B,~1dB,/ax B, B, +1,B, /3x

letter we describe a gradiometer involving a symmetric flux P W A LL‘ Ay 4

transformer with an overall length of 80 mm that measures ”1// | l : | / »2

78,10, S
The principle of the second-derivative gradiometer is ! I Loy

shown in Fig. 1a). Two pickup loopg1 and 2 of areasA; \L

andA,, and inductancek,; andL , are connected in series
with an input loop of ared\; and inductancé ;. The input
loop is inductively coupled via a mutual inductandé,

= a(L,L;)*¥? to the pickup loop of a directly coupled mag-
netometer which has are®,, and inductancd.,,,. We ne-
glect the inductance and area of the stripline. Assume that we

dimensions in mm

dpresent address: University of Oldenburg, Fachbereich Physik, EHF, DFIG. 1. (a) Schematic of the second-order gradiometer, consisting of a

26121 Oldenburg, Germany. single-layer flux transformer inductively coupled to a directly coupled mag-
Ypresent address: LG Corporate Institute of Technology, Seocho-Gu, Seonktometer(b) Configuration of practical flux transformer placed symmetri-

137-742, Korea. cally over a magnetometer; for clarity, the width of the slit is shown en-
9Author to whom all correspondence should be addressed. larged by a factor of 5.
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To assess the sensitivity of the device, consider a mag-
netic field 6B, applied to one pickup loop of the flux trans-
former. The current induced in the magnetometer loop is
6J,=néB,An/L,,, where

ISI (pT)

77:(Ap/Am)a(LmLi)llz/[ZLp+Li(l_az)] 4

represents the reduction in the current compared with the 0.10

value 6B,A, /L, for the bare magnetometer.

We fabricated a gradiometer with dimensions shown in
Fig. 4(b). The directly coupled magnetometer was patterned
in a YBCO film on a 1x 10 mnt SrTiO; bicrystal® The
pickup loop has inner and outer dimensions of 2 and 10 mm, -5
and we estimaté,= 20 mn? andL,=4 nH. The flux trans- -10 [ , . | , ] -0.10
former was patterned in a 260 nm thick YBCO film that had 0 100 200 300 '
been coevaporated onto a 100 mm diam sapphire wafer. The
separation of the centers of the two pickup loops is 62 mm;
thus the baseline of the second-order gradiomége8l mm.  FIG. 2. (a) Magnitude of the signalS and (b) the signalS from the mag-

We estimateAp~218 mn?, mezg nH, Ai~49 mm’—, and netometer vs its position from_ the flux tran_sfo_rn{arbitrary zerg in the
L;~9 nH. These parameters lead to the estimated vaiues presence ofa_lOO Hz perpendicular magnetic field of constant amplitude. In
~0.38 andn~0.47. (a) horizontal lines represent the response of the bare magnetometer.

We mounted our gradiometer on a probe that allowed us | v ical value th btai inel
to change the separation between the magnetometer and tRQSyOrare y; @ more typical value that we can obtain routinely
flux transformer by means of a wedge that we could adjusiS ppM.

from outside the Dewar. This arrangement enabled us to var o (;ieter:mneztge/ aczcuracy with W(T'Ch our g:lal?lometer
a while maintaining the symmetry required to reject first- esponds only t@”B,/Jx", we arranged two parallel wires

order gradients. The gradiometer was immersed in liquid piPelow the Dewar, one 10 mm above the other in the plane of

trogen and the SQUID, flux modulated at 256 kHz, was Op_the gradiometer. We passed a 100 Hz current through one

erated in a flux-locked loop. There was no ma neticWire and back through the other o produge a gradient
’ ¢ 2B,/ 9x? that falls off as 1X*, whereX is the distance be-

shielding. To balance the gradiometer, we placed it at thé h i f th . d th i f
center of a 1.1 m diam Helmholtz pair with the axis of the tWeen the center line of the two wires and the center line o

coils perpendicular to the plane of the gradiometer. Even ifhe gradion;;ti. lFigure 3 show?_ th? ?dUtpUt (I)f the f]!;lggoocked
the gradiometer had been misaligned by as much as 5 mm ﬁ%po\ézrsu ' edast_ shquhares It yled S ? ;%Iie_& '
any direction, the values of 2B,/B,dx and|125?B,/B,ox? - 0-028, compared with the expected value-ot. The sys-

produced by the coils were below 19 We applied a 100 tematic deviation arises from a small response to either a
Hz current to the coils and measured the output of the fluxyniform field ordB,/dx, or both. To characterize the balance

: ; - : . f the gradiometer, we write the magnetometer response in
locked loop using a lock-in detector with a noise bandwidth® '
of 26 mHzp g the form R=cyB,+2c,19B,/dx+c,l%9°B,/9x?, where

Figure 2a) shows the magnitudi§ of the in-phase and Co/c, andcy /c, define the balance of the second-order gra-

out-of-phase rms signals versus the relative separation of thcgor_neter with reSpgét(/BZ ?n: aBZ/(TX’ resgctlvely. Irfr_1-
magnetometer and gradiometer in response to an applied 1(5}195'39 a _rest_onze . h:Z/&X_tl e;t ng_egs as ar, we cr?n d't
Hz field of constant amplitude. The magnitude of the fielgtNe data in Fig. 3 witfte/c,= 1.7 10 7, assuming the de-
(as would be measured by the bare magnetomtahown viation is due solely to a uniform field, or witb; /c,=1.4
for each case. At the separation corresponding to the opti-

= 0.05

0.00

S (nT)

out-of-phase ‘0~.‘.; -0.05

relative position (um)

mum value ofa given by Eq.(3), the in-phase signal is J e ! ' T
reduced by a factor of about 10The out-of-phase signal, 10 3

which is presumably generated by eddy currents induced in .

nearby conductorésuch as the steel frame of the building 10 3

exhibits a minimum at a different separation than the in- = of

phase signal, with a reduction of only about 400. This result £ '0°F

suggests that the out-of-phase signal has higher-order gradi- ¥ F

ent components that are partly cancelled by choosing a dif- 10 3

ferent value ofa. Figure Zb) shows the signa$ from the S

same measurements. The out-of-phase component varies 10F

nonlinearly with the separation, implying that it has higher- C

order gradient components. On the other hand, the in-phase 0.05 0.1 0.5 1
component varies linearly with the separation, with a slope separation (m)

of 46 pT/,um; thus, the obs_erved Cance"atlon corresponds t9—'IG. 3. SignalS from the magnetometer vs separation from two parallel
an error of about 0-04’4n_”' in the separation. H(_)we_ver, WE wires. The line, fitted witfe, /c,=0.014, assumes that the deviation from a
emphasize that such a high degree of cancellation is obtainetbpe—4 arises solely from a residual response/By, / x.
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