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High Tc superconducting second-order gradiometer
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A planar, second-order gradiometer was fabricated from single-layer YBa2Cu3O72x 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 response. ©1998 American Institute of
Physics.@S0003-6951~98!03641-9#

A major application of superconducting quantum inter-
ference devices~SQUIDs! is the detection of weak magnetic
signals from the human brain or heart.1 Such measurements
are rendered difficult by the presence of background noise,
which one attempts to mitigate by means of either a magneti-
cally shielded room or flux transformers configured as spatial
gradiometers,2 or often both. In the case of lowTc SQUIDs,
one uses either wire-wound axial gradiometers or thin-film
planar gradiometers; in the case of highTc SQUIDs, for
which wire is not currently a viable option, only planar gra-
diometers have been realized.3 An alternative approach to
measuring either diagonal or off-diagonal gradient compo-
nents is to subtract the output from two or more
magnetometers.4 Because the background noise generally
originates in relatively distant sources, the magnitude of the
noise relative to the signal from a nearby source is progres-
sively reduced as one implements higher order gradiometers.

In an earlier publication5 we described an asymmetric,
planar gradiometer fabricated from a thin film of
YBa2Cu3O72x ~YBCO! that measures the off-diagonal gra-
dient ]Bz /]x (Bz is thez component of the magnetic field!.
The gradiometric flux transformer is inductively coupled to a
magnetometer and its action is to cancel any uniform mag-
netic field applied to the magnetometer; however a gradient
]Bz /]x produces a response from the magnetometer. In this
letter we describe a gradiometer involving a symmetric flux
transformer with an overall length of 80 mm that measures
]2Bz /]x2.

The principle of the second-derivative gradiometer is
shown in Fig. 1~a!. Two pickup loops~1 and 2! of areasAp1

andAp2 and inductancesLp1 andLp2 are connected in series
with an input loop of areaAi and inductanceLi . The input
loop is inductively coupled via a mutual inductanceMi

5a(LmLi)
1/2 to the pickup loop of a directly coupled mag-

netometer which has areaAm and inductanceLm . We ne-
glect the inductance and area of the stripline. Assume that we

apply a uniform magnetic fieldBz with a superimposed gra-
dient]Bz /]x such that the magnetic fields applied to the two
outer loops of the flux transformer areBz2 l 1]Bz /]x and
Bz1 l 2]Bz /]x, respectively. Here,l 1 andl 2 are the distances
from the midpoint of the central loop to the midpoints of the
pickup loops 1 and 2. Conserving magnetic flux in the
pickup loop of the magnetometer and in the transformer, we
find:

BzAm2LmJm2MiJt50, ~1!

~Bz2 l 1]Bz /]x!Ap11~Bz1 l 2]Bz /]x!Ap21BzAi

2Jt~Lp11Lp21Li !2MiJm50. ~2!

Here,Jm andJt are the screening supercurrents in the mag-
netometer and transformer. It is evident from Eq.~2! that the
current in the flux transformerJt is insensitive to]Bz /]x
provided l 1Ap15 l 2Ap2 . For a symmetric flux transformer
we setl 15 l 25 l andAp15Ap25Ap , and solve Eqs.~1! and
~2! to find the condition for zero response (Jm50) to uni-
form fields:

a5@Am /~2Ap1Ai !#~2Lp1Li !/~LiLm!1/2. ~3!

Clearly, one must choose parameters so thata<1.
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FIG. 1. ~a! Schematic of the second-order gradiometer, consisting of a
single-layer flux transformer inductively coupled to a directly coupled mag-
netometer.~b! Configuration of practical flux transformer placed symmetri-
cally over a magnetometer; for clarity, the width of the slit is shown en-
larged by a factor of 5.
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To assess the sensitivity of the device, consider a mag-
netic fielddBz applied to one pickup loop of the flux trans-
former. The current induced in the magnetometer loop is
dJm5hdBzAm /Lm , where

h5~Ap /Am!a~LmLi !
1/2/@2Lp1Li~12a2!# ~4!

represents the reduction in the current compared with the
valuedBzAm /Lm for the bare magnetometer.

We fabricated a gradiometer with dimensions shown in
Fig. 1~b!. The directly coupled magnetometer was patterned
in a YBCO film on a 10310 mm2 SrTiO3 bicrystal.5 The
pickup loop has inner and outer dimensions of 2 and 10 mm,
and we estimateAm520 mm2 andLp54 nH. The flux trans-
former was patterned in a 260 nm thick YBCO film that had
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 gradiometerl is 31 mm.
We estimateAp'218 mm2, Lp'23 nH, Ai'49 mm2, and
Li'9 nH. These parameters lead to the estimated valuesa
'0.38 andh'0.47.

We mounted our gradiometer on a probe that allowed us
to change the separation between the magnetometer and the
flux transformer by means of a wedge that we could adjust
from outside the Dewar. This arrangement enabled us to vary
a while maintaining the symmetry required to reject first-
order gradients. The gradiometer was immersed in liquid ni-
trogen and the SQUID, flux modulated at 256 kHz, was op-
erated in a flux-locked loop. There was no magnetic
shielding. To balance the gradiometer, we placed it at the
center of a 1.1 m diam Helmholtz pair with the axis of the
coils perpendicular to the plane of the gradiometer. Even if
the gradiometer had been misaligned by as much as 5 mm in
any direction, the values of 2l ]Bz /Bz]x and l 2]2Bz /Bz]x2

produced by the coils were below 1025. We applied a 100
Hz current to the coils and measured the output of the flux-
locked loop using a lock-in detector with a noise bandwidth
of 26 mHz.

Figure 2~a! shows the magnitudeuSu of the in-phase and
out-of-phase rms signals versus the relative separation of the
magnetometer and gradiometer in response to an applied 100
Hz field of constant amplitude. The magnitude of the field
~as would be measured by the bare magnetometer! is shown
for each case. At the separation corresponding to the opti-
mum value ofa given by Eq. ~3!, the in-phase signal is
reduced by a factor of about 105. The out-of-phase signal,
which is presumably generated by eddy currents induced in
nearby conductors~such as the steel frame of the building!,
exhibits a minimum at a different separation than the in-
phase signal, with a reduction of only about 400. This result
suggests that the out-of-phase signal has higher-order gradi-
ent components that are partly cancelled by choosing a dif-
ferent value ofa. Figure 2~b! shows the signalS from the
same measurements. The out-of-phase component varies
nonlinearly with the separation, implying that it has higher-
order gradient components. On the other hand, the in-phase
component varies linearly with the separation, with a slope
of 46 pT/mm; thus, the observed cancellation corresponds to
an error of about 0.04mm in the separation. However, we
emphasize that such a high degree of cancellation is obtained

only rarely; a more typical value that we can obtain routinely
is 50 ppm.

To determine the accuracy with which our gradiometer
responds only to]2Bz /]x2, we arranged two parallel wires
below the Dewar, one 10 mm above the other in the plane of
the gradiometer. We passed a 100 Hz current through one
wire and back through the other to produce a gradient
]2Bz /]x2 that falls off as 1/X4, whereX is the distance be-
tween the center line of the two wires and the center line of
the gradiometer. Figure 3 shows the output of the flux-locked
loop versusX. A least squares fit yields a slope of23.900
60.028, compared with the expected value of24. The sys-
tematic deviation arises from a small response to either a
uniform field or]Bz /]x, or both. To characterize the balance
of the gradiometer, we write the magnetometer response in
the form R5c0Bz12c1l ]Bz /]x1c2l 2]2Bz /]x2, where
c0 /c2 andc1 /c2 define the balance of the second-order gra-
diometer with respect toBz and ]Bz /]x, respectively. Im-
posing a response to]2Bz /]x2 that scales as 1/X4, we can fit
the data in Fig. 3 withc0 /c251.731023, assuming the de-
viation is due solely to a uniform field, or withc1 /c251.4

FIG. 2. ~a! Magnitude of the signaluSu and ~b! the signalS from the mag-
netometer vs its position from the flux transformer~arbitrary zero! in the
presence of a 100 Hz perpendicular magnetic field of constant amplitude. In
~a! horizontal lines represent the response of the bare magnetometer.

FIG. 3. SignalS from the magnetometer vs separation from two parallel
wires. The line, fitted withc1 /c250.014, assumes that the deviation from a
slope24 arises solely from a residual response to]Bz /]x.
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31022, assuming the deviation is due solely to]Bz /]x.
Since the uniform field responsec0 /c2 measured in the
Helmholtz pair was no more than 531025, we conclude that
the deviation from 1/X4 arises from a residual sensitivity to
]Bz /]x. This response implies that the flux transformer ei-
ther has an asymmetry or is misaligned relative to the mag-
netometer. In the latter case, it can be shown thatc1 /c2

'dx/ l , wheredx is the distance between the centers of the
magnetometer pickup loop and the input loop of the flux
transformer. Given our technique of assembling the SQUID
and the flux transformer, a misalignment of 0.5 mm is en-
tirely possible.

In conclusion, we briefly consider whether a balance of
0.1% in bothBz and ]Bz /]x—which should be very ad-
equate for systems with software subtraction—could be real-
ized with a permanently assembled flip-chip arrangement.
The data in Fig. 2 imply that a second derivative accurate to
0.1% requires a separation accuracy of about 5mm, which
should be achievable with a parallel-sided shim. A first-order
gradient balance of 0.1% requires that a flux transformer be
placed over the magnetometer with an accuracy of 30mm,
which should be possible with the aid of small alignment
marks on the flux transformer. As a final remark, we note
that the sensitivity of the second-order gradiometer in terms
of a magnetic field applied to one pickup loop~represented
by h50.47) is about one half that for the first-order, asym-
metric gradiometer (h50.95). However, the subtraction of
the outputs of two first-order gradiometers to obtain a
second-order gradient would increase the noise byA2. Thus,
for magnetometers of given sensitivity, the second-derivative
gradiometer has a noise level onlyA2 higher, while requir-
ing only a single transformer, magnetometer, and flux-locked
loop.
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