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SQUID Developments for the Gravitational Wave
Antenna MiniGRAIL

J. Pleikies, O. Usenko, K. H. Kuit, J. Flokstra, A. de Waard, and G. Frossati

Abstract—We designed two different sensor SQUIDs for the
readout of the resonant mass gravitational wave detector Mini-
GRAIL. Both designs have integrated input inductors in the order
of 1.5 H and are planned for operation in the mK tempera-
ture range. Cooling fins were added to the shunt resistors. The
fabricated SQUIDs show a behavior that differs from standard
dc-SQUIDs. We were able to operate a design with a parallel
configuration of washers at reasonable sensitivities. The flux noise
saturated to a value of 0.84 �0 Hz below a temperature of
200 mK. The equivalent noise referred to the current through the
input coil is 155 fA Hz and the energy resolution yields 62 � .

Index Terms—Gravitational wave antenna, SQUIDs, supercon-
ducting devices.

I. INTRODUCTION

THE gravitational wave detector MiniGRAIL is the first
spherical resonant mass detector. When excited by a grav-

itational wave, the CuAl 6% sphere with a diameter of 68 cm is
expected to show variations in diameter of the order of
at its resonance modes around 3 kHz [1]. To reach the highest
sensitivity, the aimed operation temperature is 20 mK.

For the readout of the MiniGRAIL, a capacitive transducer
was developed which converts the displacement into a cur-
rent that has to be measured by a highly sensitive readout
system. Because of its low-noise properties, direct current
superconducting quantum interference devices (dc-SQUIDs)
were chosen to measure this displacement current.

Compared to standard SQUIDs, there are a few special re-
quirements that have to be watched carefully. First of all, a
tightly coupled integrated coil is needed. Because of the capac-
itive load and signal frequencies in the kHz range, the SQUID
needs a high input inductance, here about 1.5 , that still has
to be matched to the capacitive transducer, using an inductive
transformer.

To reach the best sensitivity, the hot-electron effect has to
be considered. Due to a weakened electron-phonon coupling
at temperatures below typically 1 K, the heat dissipated in the
shunt resistors leads to a limitation of the minimum operation
temperature of the SQUID and connected to it to a minimum
reachable noise level. Cooling fins can be attached to reach
lower minimum operation temperatures [2].
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Fig. 1. Schematic of the dc-SQUID with integrated flux transformer. For sim-
plicity, the shunt resistors and the coils coupling to the gradiometric signal
washers L are not shown. The integrated coils are on-chip connected in
series. The feedback flux can be applied via a single wire around the SQUID.

Furthermore, resonant mass antennas have to be treated as
a resonant load with a high quality factor, requiring that the
noise power reflected from the readout system is as small as
possible. Besides a standard dc-SQUID with an integrated flux
transformer, a design with a minimum direct mutual inductance
between the feedback and the signal coil systems was made.
This is believed to reduce back-action effects in flux-locked loop
(FLL) operation [3].

In this paper we focus on the design steps taken to develop
new sensor dc-SQUIDs for the readout of MiniGRAIL and on
the first measurement results.

II. DESCRIPTION OF THE DESIGN PROCESS

We made designs for a process with 110 critical cur-
rent density at the JeSEF foundry [4] with the possibility to add
cooling fins to the shunt resistors. The layer of the shunt re-
sistors is Palladium-Gold, whereas the cooling fins are realized
in a layer of Gold with a thickness of 100 nm. There are two
Niobium layers available. The two designed sensor SQUIDs are
dc-SQUIDs with a multiple washer configuration and an inte-
grated flux transformer.

According to our earlier designs [5] and their measured be-
havior, we focused during this design step on the weakening
of negative effects due to resonances in the coil- and washer-
structures.

A. dc-SQUID With Integrated Flux Transformer

The dc-SQUID with cooling fins is coupled to a gradiometric
coil system, as shown in Fig. 1.

The critical current of the SQUID is 22.5 . The hys-
teresis of the junctions is removed by resistive shunts of 5.7
for each junction. The calculated McCumber parameter is
0.71.

The characteristic inductances were estimated taking into ac-
count the screening of the transformer loop. The SQUID in-
ductance is 128 pH, yielding to a screening parameter
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Fig. 2. Schematic of the dc-SQUID with a parallel washer configuration. For
simplicity, the shunt resistors in parallel to the Josephson junctions and the coils
coupling to the signal- and feedback-washers (L and L ) are not shown.
The integrated coils are on-chip connected in series. The washers are in a gra-
diometric configuration.

of 1.39. The effective inductance of the signal coil system is
1.58 with a mutual inductance of 10.4 nH to the SQUID
inductance.

A guess for the best reachable sensitivity can be done with
the theory for non hysteretic, uncoupled dc-SQUIDs [6], [7].
The directly measurable value is the flux noise , the noise
power spectrum density (PSD) of the SQUID and the readout
system referred to the SQUID inductance. In case of SQUIDs
with integrated input coils, it is useful to refer the noise level to
the input current . The common figure of merit
for comparing SQUIDs with differing SQUID inductance is the
energy resolution , which represents the white
noise energy per bandwidth referred to the SQUID inductance.

For this design we calculated for a temperature of 4.2 K an
energy resolution of 73 or a flux noise amplitude spectrum
density (ASD) of 0.68 , respectively. is the
magnetic flux quantum of .

To overcome resonance effects, we used a resistor shunting
the washer (washer resistance, in Fig. 1) with the same value
as the shunt resistors of the Josephson junctions (5.7 ).

B. dc-SQUID With a Parallel Washer Configuration

The design is a modified version of a commercial available
Quantum Design chip [8]. Because of its highly symmetric
layout, a direct mutual inductance between the feedback coil
system and the signal inductances are reduced to a minimum.
The main differences are added cooling fins and the splitting of
the bias current is done on-chip via the two parallel resistors

as indicated in Fig. 2.
The critical current of the SQUID is 22.5 . With the

5.6 resistance connected in parallel to the junctions, the Mc-
Cumber parameter was estimated to be 0.67.

The calculated SQUID inductance of 230 pH yields a
screening parameter of 2.5. The effective inductance of the
signal coil system is 1.45 with a mutual inductance of
12.2 nH to the SQUID inductance.

At 4.2 K we estimated the optimum sensitivity [6], [7] of the
design in terms of energy resolution to 89 or a flux noise
ASD of 1.0 , respectively.

Fig. 3. Characteristics measured with sweeping magnetic flux in single stage
with current bias at 4.2 K (upper) and at 0.3 K (lower). The applied bias currents
are indicated on the right side of the graphs. A constant flux bias was applied.
The signal coil was shunted with a resistor of 30 
 and a capacitor of 1 nF in
series. The maximum flux-to-voltage transfer was estimated to be 270 �V=�
at 4.2 K and 820 �V=� at 0.3 K.

We used a resistor in parallel to the washer with the same
value as the shunt resistors (5.6 ) to damp resonances.

III. RESULTS OF THE CHARACTERIZATION

The fabricated samples show in both the critical current den-
sity and the sheet resistance good agreement with the values
used for the design.

A. Description of the Characterization Process

We used the mK facilities of the Kamerlingh Onnes Labora-
tory at the University of Leiden to perform the shown measure-
ments.

All chips were mounted inside a single module made of Nio-
bium. The measurements below 4.2 K were done in a dilution
refrigerator.

For the readout we used commercial available direct coupled
electronics. For the measurements on the flux noise, we always
used the FLL mode of the electronics and took the values in the
white noise frequency region. All following given values of the
energy resolution were calculated using the SQUID inductance

estimated during the design. The values for the input cur-
rent resolution are based on the measured mutual inductance .

B. Properties of the dc-SQUID With Integrated Flux
Transformer

The measured flux-voltage characteristics of the SQUID at
two different temperatures are shown in Fig. 3. Above the shown
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voltage range, at 60 , there is a bias point without mod-
ulation, corresponding reasonably good to the resonance fre-
quency of the washer with the pickup coils. Using an approx-
imation from [9], this frequency was guessed and corresponds
to a voltage of 45 .

At 4.2 K, we observed a maximum flux-voltage transfer of 2.5
times the value calculated with the theory for non hysteretic, un-
coupled dc-SQUIDs [6], [7]: 110 . This transfer even in-
creased at lower temperatures, 7.6 times higher transfer at 0.3 K.

The mutual inductance of the signal coil system was 8.7 nH
instead of the design value of 10.9 nH.

A minimum flux noise of 1.4 was measured at
4.2 K in a two-stage setup with a DROS as second stage. Be-
cause of the large transfer function at low temperatures we did
not achieve to get a two-stage setup working. On the other hand,
at lower temperatures we were able to measure the noise in
a single stage current biased configuration. A constant min-
imum flux noise of 2.8 was achieved at tempera-
tures below 1 K and because of the steeper characteristics this
value was not dominated by the input noise of the room temper-
ature electronics, although there is still some contribution. Our
rough guess of the real flux noise below 1 K is 1.5–2 ,
subtracting the flux noise PSD related to the room tempera-
ture amplifier from the measured value. The contribution of
the room temperature amplifier was estimated using the flux-
voltage transfer and the input voltage noise of the electronics.
This would be higher compared to the noise at 4.2 K. The reason
for this behavior is most probably the non dc-SQUID-like be-
havior of temperature dependent characteristics.

C. Properties of the dc-SQUID With a Parallel Washer
Configuration

The characteristics of the dc-SQUID with a parallel washer
configuration at two different temperatures are shown in Fig. 4.
The resonance of the washer of the signal coil is again in good
agreement to a point of no modulation at 50 . From the de-
sign we guessed that this resonance occurs at 52 [9]. Below
this point there are basically two fields of operation. At voltages
smaller than 20 , the characteristics are again very steep and
getting steeper with lower temperatures. At for example 0.6 K,
this operation range was unusable in the two-stage setup.

In the operation range above about 20 , the transfer is
also increasing with decreasing temperature, but with reason-
able values. At 0.6 K the flux-voltage transfer is in the same
range as the one calculated from theory [6], [7]: 70 .

Because of its high transfer, especially at lower temperatures,
we used the dc-SQUID with flux transformer as the second
stage to characterize the SQUID with the parallel washer con-
figuration. The first stage was voltage biased with a resistor
of 0.5 . To reduce negative effects of wideband noise in the
second stage, we used standard ferrite-based inductors of in total
60 as filter between the first and the second stage. In FLL,
we reached typical bandwidths of above 50 kHz. In future con-
figurations, the high inductance can of course still be reduced to
gain more bandwidth and slew rate.

At 4.2 K, the minimum measured noise flux noise was
2.1 . The working point was in the steep part of the
flux-voltage characteristics as shown in Fig. 4 at a bias current

Fig. 4. Characteristics measured with sweeping magnetic flux measured in
single stage with current bias at 4.2 K (upper) and at 0.6 K (lower). The ap-
plied bias currents are indicated on the right side of the graphs. A constant flux
bias was applied. The signal coil was shunted with a resistor of 50 
 and a ca-
pacitor of 1 nF in series. For the lower working range, at 4.2 K the maximum
flux-to-voltage transfer was estimated to be 220 �V=� (at 19.2 �A) and at 0.6
K 440 �V=� (at 20.4 �A). For the higher working range we estimated at 4.2
K a transfer of 38 �V=� (at 26.3 �A) and at 0.6 K of 75 �V=� .

Fig. 5. The measured minimum sensitivity of the dc-SQUID with a parallel
washer configuration measured at different temperatures. The energy resolution
was calculated from the measured flux-noise using the SQUID inductance esti-
mated during the design process (233 pH).

of 26.4 . The energy resolution is estimated to be 380 ,
which is much higher than the value calculated during design
for a standard SQUID of 89 .

The measured sensitivity at this working point also for lower
temperatures is shown in Fig. 5. Below 200 mK we reached
a minimum energy resolution of nominally 62 , which was
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calculated from the measured value of 0.84 . With
the measured mutual inductance between the signal coil system
and the SQUID inductance of 11.2 nH, the equivalent noise
on the signal current line is 155 .

During the measurement, we observed a temperature gradient
between the used thermometer resistance and the actual tem-
perature within our SQUID system. The temperature shown in
Fig. 5 was calculated using the flux noise in the second stage,
while the first stage was switched off. This noise originates from
the Johnson noise of the bias resistor and its PSD is thus propor-
tional to the temperature.

IV. INTERPRETATION OF THE RESULTS

First we observed steeper flux-voltage characteristics than
predicted by the theory for standard dc-SQUIDs. Further
the characteristics are getting less steep and smoother at
higher temperature. This can be explained by wideband flux
noise of thermal origin, the Johnson noise in the shunt- and
damping-resistors.

The origin of this deviating behavior could most probably
be found in parasitic capacitances introduced by the integrated
coils and the influence of the washer resistance, analysed for
example in [10]. We have a few indications that the washer re-
sistance causes this unexpected behavior.

First there are no clear resonance effects in the operation
range. The coil resonances are located below, which follows
from the big length of the coil, and the washer resonances above
the operation range, seen experimentally. The transition-voltage
range in the characteristics of the dc-SQUID with a parallel
washer configuration around 20 still shows modulation, so
at least no strong resonance point.

Second, there is no clear double-loop structure separating the
SQUID inductance into two parts, separated by the washer resis-
tance and the parasitic capacitance introduced by the integrated
coil. The washer resistor in both designs is directly connected
to the junctions and its presence can change the characteristics
[10]. The loop formed by the junctions and the washer resistance
is especially in the case of the dc-SQUID with flux transformer
very small. It is, except for the normal slit in the washer, com-
pletely on top of a Niobium layer.

In case of the dc-SQUID with the parallel washer con-
figuration, the expected inductance connected to the washer
resistance should be much higher. Because of the connection
of four washers and the series connection of the feedback and
signal coils, the loop containing the washer resistance and the
Josephson Junctions is crossing six slits in the niobium layer
below. An inductance in series with the washer resistance could
be an explanation for the changes in behavior at higher voltages,
so higher oscillation frequencies. Here, the damping impedance

should be less effective. An inductance of 100 pH in series
with the damping resistance of 5.6 would become predomi-
nant imaginary above Josephson frequencies corresponding to
20 , the transition voltage to the low-noise operation range.
Numerical inductance calculations using Fasthenry [11] on a
simplified geometry suggested an inductance of 180 pH in the
loop of the damping resistance and the Josephson junctions.

We are working on numerical simulations including parasitic
elements to find an explanation for the measured characteristics.

V. CONCLUSION

We have designed two sensor SQUIDs for the gravitational
wave antenna MiniGRAIL. The fabricated samples fit the de-
sign criteria, but during characterization we found big differ-
ences to the expected behavior. Both designs showed steeper
characteristics and a degraded sensitivity, which can not be ex-
plained by the standard dc-SQUID theory. In a special region
of operation, the dc-SQUID with a parallel washer configura-
tion shows a reasonable sensitivity. The noise corresponds to a
white current noise of 155 through the input coil.

To explain the behavior of the designed SQUIDs, we now
focus on numerical simulations also including parasitic ele-
ments introduced by the input coils.
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