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Fig. 1. Schematic diagrams of (a) SQUID loop, (b) a first-
order gradiometric parallel SQUID loop, (c¢) a first-order

gradiometric series SQUID loop, and (d) a second-order
gradiometric parallel SQUID loop.
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TR ER A A SQUID HL AL IR gk F
Kl 2 fr7x, SQUID ¥R (SQ). il AZel (IN). )2
B (FB) YR BB B, SQUID Mg
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Fig. 2. Scanning electron microscope picture of the second-

order gradiometric cross-coupled SQUID current sensor.

SQUID 2 H PO A~ 1E /\ 31 T il 4 B 5 1 241
A, Hr R R AR R = A I\ B R, i
KA 17 pm, 33 pm A1 45 um. Fig AL BRI
TR 2k B o 0l 5 AN I NI R R AR 2.5 A
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FLRH, e 87 el BEAE R 5.6 Q/0, A &0OF e
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Fig. 3. Equivalent circuit of the second-order gradiometric
cross-coupled SQUID current sensor.
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R CBEEESUEG SQUID HL AL R 3
e
Table 1. Design parameters of the second-order

gradiometric cross-coupled SQUID current sensor.

i BHE
AFERBEERSTS/(wm x pm) 7Tx 7
YYERIREE G I I L/ p A 49
YIERAREG A Cy/pF 2
JEBERBH R, /Q 0.84
EpEES A 0.2
GRS 1.6
SQUIDIFHHER L /pH 33
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i AL B LR Ly /nH 3
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TG IS A2 K Nb/AL-A10,/Nb = 2. Nb/Al-
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B R AR ] ALO, #4582 2 1 LI, M 5 24 55
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Fig. 4. Current-voltage curves of the second-order gradio-
metric cross-coupled SQUID current sensor.
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SQUID i Sk AL B B My A 117 pH. X
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Fig. 5. Voltage-flux curve for the input coil of the second-

order gradiometric cross-coupled SQUID.
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B 68 7 B O B FL L e M 215 pAL ARAE S R

Iy =~ Iy max/2+ kT (1+\/1+Ib,max¢0/kBT) /Po 1321
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H 0.67, SQUID %5 {4 v i) 29 55 K B 45 2 BHLJE
48 . B WA R OR8N B
SQUID ##F Ly oy M 218 pA. B, ZEAR A BE
MRS T SQUID 8 HY Iy e ZEAEA K, WU H
SQUID g1yl 5 H It 32 P 75 TR S0 S 37 1)
M.

WE AR R rL N 0 3 3] 250 pA B,
SRERIE V- 2 L 2.9 R SRR Y
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Fig. 6. Voltage-flux curve for the feedback coil of the

second-order gradiometric cross-coupled SQUID.
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Fig. 7. Noise curves of the second-order gradiometric cross-

coupled SQUID current sensor.
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Table 2.  Property parameters of the second-order

gradiometric cross-coupled SQUID current sensor.
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Abstract

Superconducting quantum interference device (SQUID) has extremely high magnetic field sensitivity,
current sensitivity, and can detect a low-noise weak current signal. The SQUID current sensor has become the
only option of the readout of low-noise detector, such as transition-edge sensor (TES). In this paper, a second-
order gradiometric cross-coupled SQUID current sensor for TES application is developed. According to the
requirements for TES detectors, the structure and various parameters of SQUID current sensor are designed.
The SQUID loop, input coil and feedback coil of the SQUID current sensor all use the second-order
gradiometric structure. All the couple ways between SQUID loop and input coil or feedback coil adopt cross-
coupling mode in different planes, which can effectively weaken the parasitic capacitance. A second-order
gradiometric cross-coupled SQUID current sensor based on Nb/Al-AlO,/Nb Josephson junction is successfully
fabricated on a silicon wafer by optimizing the process. The properties of the second-order gradiometric cross-
coupled SQUID current sensor are measured at liquid helium temperature. The bias current of SQUID is
215 pA when the modulation depth of V-@ modulation curve is maximum. The maximum modulation peak of
SQUID is 31 pV. The flux-to-voltage transfer coefficient of SQUID is 108 puV/®,. The input coil current
sensitivity is 17 pA/®,, the mutual inductance between SQUID loop and input coil is 117 pH. The current
sensitivity of feedback coil is 86 pA /@, the mutual inductance between SQUID loop and feedback coil is 23 pH.
The second-order gradiometric cross-coupled SQUID current sensor has a white flux noise of 2 p®d,/+vHz and a
white current noise of 34 pA/+/Hz with 1/f corner frequency around 200 Hz. The result of noise level under the
condition without magnetic shielding shows that the SQUID current sensor with second-order gradiometric
cross-coupled structure has an excellent capability of weakening the environmental electromagnetic interference.
In the future, we will further improve the mutual inductance of the second-order gradiometric cross-coupled
SQUID current sensor between SQUID loop and input coil, optimize the size and critical current of Josephson
junction, in order to improve the input sensitivity of SQUID device, reduce the current noise level and the 1/f
corner frequency, and meet more requirements for TES applications.

Keywords: superconducting quantum interference device, transition-edge sensor, flux noise, current noise,

current sensitivity
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