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The latest results of the measurements on the vibration isolation system of MiniGRAIL
at room temperature as well as an overview of the results of the ultra-cryogenic tests with
the dilution refrigerator are presented. Two types of capacitive transducers have been
developed and tested separately in a cryogenic set-up. The rosette-design transducers
have been mounted on the sphere and tested at low temperature. We also report the
progress in developing a two-mode inductive transducer with an Al5056 resonator as a
second resonating mass and a Nb film coil as superconducting pick-up loop. Furthermore,
we developed and tested two double-SQUID systems based on two types of dc SQUIDs
as sensors and a DROS as the preamplifier stage.

1. Introduction
MiniGRAIL is the first of a new class of resonant detectors of spherical shape at
present under development also in Brasil and in Italy1,2,3 . MiniGRAIL is made of
CuAl6%, with a diameter of 65 cm and resonating around 3.1 kHz. The ultimate
goal is to operate MiniGRAIL at a thermodynamic temperature of 20 mK, equipped
with six two-mode inductive transducers coupled to nearly quantum limited doublestage SQUID amplifiers4 . The minimum detectable energy is given by the effective
temperature Tef f , that can be roughly expressed as
∗ This
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Tef f =

T
+ 2TN
βQ

(1)

where T is the thermodynamic temperature, β is the coupling of the transducer
to the antenna, Q is the mechanical quality factor of the observed resonance mode
and TN is the amplifier noise temperature. The expected strain sensitivity is about
10−20 within √
a bandwidth of 200 Hz, and the minimum spectral strain amplitude
h̃ ≈ 5 ·10−22 / Hz, when a SQUID is used with an energy
√ resolution of 100 ~. Using
a quantum limited SQUID would give h̃ ≈ 4 · 10−23 / Hz. The six transducers
will be arranged in the TIGA configuration5, this should allow to determine the
direction and polarization of the gravitational wave. In addition to this advantage
and other well-known advantages of spherical detectors (large cross-section, onmidirectionality), MiniGRAIL has a very short turn-around time of only several days6
to cool down to 4 K and warm up again to room temperature and is relatively cheap
to build. In order to take data as soon as possible in coincidence with existing
detectors, we are developing at the same time 1-mode capacitive transducers and
the larger bandwidth 2-mode inductive transducers. One cryogenic experiment
has already been done, with two capacitive transducers mounted on the sphere,
aligned with the Nautilus and Explorer detectors7 . We used a room temperature
FET amplifier to read the transducer output and obtained a strain sensitivity of
h ≈ 10−18 , limited by the amplifier noise. Our next goal is to increase the sensitivity
of MiniGRAIL at least up to the level of these two detectors (h ≈ 2 · 10−19 ).
2. The attenuation system
Figure 1 shows a schematic picture of the vibration isolation system of MiniGRAIL.
Seven stages of masses and springs are suspended with stainless steel cables from
three absorbers, each consisting of a stack of rubber and aluminum plates. The
first four masses are made of CuAl6% hanging from three steel “ring-springs”. The
remaining three masses are made of copper and the last two are suspended by goldplated copper rods. The CuAl6% masses have a mass of about 130 kg each and the
copper masses about 145 kg each. The total attenuation system has a mass of over
950 kg, which will be cooled down below 4.2 K. We have measured the attenuation
between the top flange and the first CuAl mass at room temperature in vacuum,
by exciting the top flange of the cryostat with a stack of piezo ceramic crystals
(PZTs) and measuring the displacement with a single PZT both on the flange and
on mass 1. In this way we could determine the attenuation of the absorbers and
the stainless steel cables. The results are shown in Figure 2. The light-gray area,
denoted with “sphere modes”, indicates the frequency range between the lowest
and highest mode of the sphere, while coupled to two tuned “closed membrane”
transducers (see Section 4), which will be used in the next cryogenic run.
For the measurements of the transfer-function between the masses of the attenuation system, the coaxial cables with braided shielding were replaced by a
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Figure 1. A schematic picture of the overall attenuation system of MiniGRAIL, which consists
of a chain of seven spring-mass systems of which the upper four are made of CuAl6% and the last
three made of copper. Photographs of the CuAl and copper masses are included in the figure for
clarity.

Thermocoax coaxial cablea , which gave a much better signal-to-noise ratio and less
cross talk between the wires. Initially all masses had a maximum diameter of 370
mm. The resonance frequency of the CuAl masses was about 3422 Hz and 3549
Hz for the copper masses. To increase the frequency of these resonances and thus
increase the attenuation at the detector resonance, the last five masses were machined. Two of the CuAl6% masses (number 3 and 4) were machined down to
a maximum diameter of 362 mm, increasing the resonance frequency to 3594 Hz.
a Thermocoax

“heating element” d = 0.5mm, website: www.thermocoax.com
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Figure 2. Attenuation between the top flange and the first CuAl mass, measured in vacuum at
room temperature. The quadrupole resonant frequencies of the sphere are within the light-gray
area denoted with “sphere modes”.

The diameter of CuAl masses 1 and 2 was kept at 370 mm, since they also act as
radiation shields. All copper masses were machined down to a diameter of 356 mm,
increasing the resonance frequency to 3645 Hz. The attenuation was measured at
room temperature in vacuum, between CuAl masses 1 and 2 and between 2 and
3, in a similar way as described above for the attenuation of the absorbers and cables. The results are plotted in Figure 3. The frequency range of the sphere modes
is again added to the graph and is denoted by “sphere”. The attenuation in this
frequency range is about 40 dB between masses 1 and 2 (A12) and 45 dB between
mass 2 and 3 (A23). The overall attenuation in the frequency range of the sphere
modes is expected to be better than 300 dB. Further measurements of the transfer
function at low temperatures will be done in the near future.
3. Cryogenics
The sphere is cooled from the center through its suspending copper rod, which
hangs from the last copper stage (number 7) of the vibration isolation system. The
mixing chamber (MC) of the dilution refrigerator (DR) cools the first copper mass
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Figure 3. Attenuation between CuAl masses 1 and 2 (A12) and between 2 and 3 (A23), measured
in vacuum at room temperature.

(number 5) through a copper thermal anchoring. The CuAl masses number 3 and
4 are thermally anchored to the still and 50 mK plate of the DR in a similar way.
Several tests have been done to find the best design for the thermal anchoring, which
needs to be very soft to mechanically decouple the DR from the attenuation system
and have a high thermal conductivity. Three ultra-cryogenic runs (Tsphere < 1K)
were performed using a different thermal anchoring for each run. The thermal
anchoring used in run 3 was made of stacks of sliced OFHC copper plates with a
thickness of 0.5 mm. No special treatment was performed on the copper. During
this run we tested the DR without sintered heat exchanger. The test lasted two
weeks.
For the fourth run, the copper stacks were replaced by a single sliced plate 2
mm thick annealed and gold-plated copper. Figure 4 shows the temperature of the
sphere and the mixing chamber during this run. Run 4 lasted six weeks and the
lowest temperatures of 79 mK on the surface of the sphere and 20 mK on the mixing
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chamber were reached.

Figure 4.

Cooling curves of sphere and mixing chamber during the fourth cryogenic run.

The equivalent temperature of the fifth mode of the sphere was measured with
a piezo ceramic crystal, which was glued on the sphere with silver epoxy. When the
DR was fully operating, the noise level amounted to an equivalent temperature Teq
of about 1200 K when the thermodynamic temperature of the sphere was about 90
mK. When removing the thermal anchorings after the run, it turned out that they
had become very rigid.
For the fifth run we changed the design from a sliced copper slab to a so-called
Jellyfish design. One Jellyfish consists of 18 copper strips, each with a surface of
0.1 × 5 mm2 , 88 mm long. The strips are diffusion welded onto a cylindrical copper
support using a copper ring. The equivalent temperature was measured with a
capacitive transducer, coupled to a room temperature FET amplifier (see Section
4 for more details). With the refrigerator fully operating, Teq was about 60 K.
A photograph of each thermal anchoring is included in Figure 5. Table 1 gives an
overview of the most important properties of the three different thermal anchorings.
The cool-down time during the first four days of each experiment is shown in
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Figure 5. A comparison of the cooldown time of the three ultra-cryogenic runs. The different
thermal anchorings used for each cool-down are also shown.

Table 1. Overview of major properties of the three ultra-cryogenic runs. A is the surface area and l
is the length of the thermal anchoring. The thermal resistance of the different thermal anchorings is
expressed as the RRR (residual resistance ratio).
run
3
4
5

A/l (m)
1.7 · 10−3
5 · 10−4
1 · 10−4

treatment
annealed/gold-plated
annealed

RRR
30
90
1700

Tmin sphere (mK)
294
79
108

Tmin MC (mK)
80
20
32

Teq (K)
1200
60

Figure 5. The cool down of the sphere showed a sharp transition in cooling speed
in each run. This is caused by a time dependent heat leak coming from the sphere.
Probable causes for such a heat leak could be the ortho-para conversion of hydrogen
confined into micro-bubbles inside of the sphere8 or the relaxation of defects9,10 , or
both. The transition temperature is different for each run, which means that the
amount of heat released by the sphere was different for each run at the moment we
started to operate the DR. Since the cool down time from room temperature to 4
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K was different for each run, this implies that the heat release at low temperature
is determined by the heat release at temperatures above 4K.
4. Transducer development
4.1. Capacitive rosette transducer
Two similar capacitive transducers were developed, following the geometry already
installed on the ROG detectors Explorer and Nautilus. Both resonators were machined from CuAl6% according to the rosette design11 (“rosette 1”, made in Leiden
and “rosette 2”, made in Rome). Both resonators had a mass of about 450 grams.
The support ring was machined with the same curvature as the sphere and could be
attached to it by three M6 screws. The electrode was clamped inside the electrode
support by the differential contraction technique, using teflon spacers for electrical
isolation. Both transducers were tested at low temperature in separate facilities.
We report in Figure 6 the mechanical quality factor of transducer 1 while screwed
down to a support mass as a function of temperature, with two different gaps of 23
and 50 µm. The maximum Q-factor of the 23 µm gap was 0.55 million at 170 mK,
the lowest temperature achieved during that cool-down.

Figure 6. The Q-factor as a function of temperature of the capacitive rosette transducer “rosette
1”. As a comparison, the mechanical Q of MiniGRAIL and of a small 17 cm diameter sample are
added.
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Figure 7 shows the inverse of the mechanical quality factor versus the square of
the applied voltage, when the gap was 50 µm.
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Figure 7. The dissipation versus the square of the bias voltage at a thermodynamic temperature
of 170 mK. The gap was 50 µm during this experiment.

Both transducers were assembled during the last cryogenic run of MiniGRAIL
(run 5). They were mounted at 60◦ from the north pole, 180◦ apart and at 44◦
East, roughly aligned with the Nautilus and Explorer detectors. The two positions are denoted as SW (South-West) and NE (North-East). It turned out that
any transducer mounted on the NE position splits the fifth quadrupole mode and
the transducer mounted on the SW position splits the second quadrupole mode,
independent of tuning.
We mounted Rosette 1 on the NE position √
and coupled it to a low-noise
√ 12 room
temperature FET amplifier with Vn = 0.7nV/ Hz, and In = 4.4fA/ Hz . The
low-temperature capacitance of the transducer was 1.2 nF and the width of the gap
23 µm. Figure 8 shows the capacitive read-out scheme.
Rosette 2 was mounted on the SW position and was coupled to a transformer
and a two-stage SQUID amplifier, consisting of a commercial Quantum Design dc
SQUID as the sensor SQUID and a DROS (Double Relaxation Oscillation SQUID)
as the second stage (see for more details Section 5). The transformer had an inductance of 2.15 H. The transformer-box was suspended from the 50 mK-plate, by one
small attenuation stage, consisting of a copper mass (diameter=140 mm, mass=5
kg) suspended from small steel ring-springs. Figure 9 shows the read-out chain of
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Figure 8.

Read out scheme using the capacitive transducer “Rosette 1”.

Rosette 2.

Figure 9. Read out scheme for the second transducer, which is coupled to a transformer and a
two-stage SQUID amplifier.

Figure 10 shows a photograph of MiniGRAIL right before the cooldown. Only
Rosette 2 is visible in the picture.
The SQUID didn’t work properly during the run and only the read-out line
1 could be monitored. The reason is due to the fact that when a dc SQUID is
strongly coupled to a high Q resonator, the dynamic input characteristic of the
SQUID working in Flux Locked Loop can bring to instability the resonator-SQUID
system. Other reasons, related to the grounding of the SQUID system and to the
high gain between the dc SQUID and the DROS, are under study as possible cause
of the non working system.
Figure 11 shows the effect of the transducers on the mechanical Q of the sphere.
The figure also shows the splitting of two of the sphere-modes due to the transducers.
It is clear that the splitting of the modes is highly asymmetric, which indicates that
the resonators were not well tuned. Figure 11 a) shows the mechanical Q of the
free sphere modes (without transducers), compared with the Q-factor of the modes
when the two transducers were mounted. Modes nr 2 and 5 have split due to the
coupling of the transducers. Figure 11 b) shows the splitting of the modes and
the mechanical Q of both transducer modes f+,1 and f+,2 . The Q-factor of the
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Figure 10. Photograph of MiniGRAIL right before the last cryogenic run (run 5). One of the two
transducers mounted on the sphere is visible (Rosette 2). Rosette 2 is coupled to a transformer
and a two-stage SQUID amplifier, also shown in the picture.

modes f−,1 and f−,2 was not measured. The coupling factor β of the transducer
for the mode f+,1 at 3199 Hz was 1.62 · 10−5 and for the mode f+,2 at 3226 Hz
was 8.43 · 10−6, when the applied voltage was 200 V. The coupling β was calculated
by measuring the change of the resonant frequency with a lock-in amplifier as a
function of the voltage bias applied. This is about a factor of 10 less then expected.
Several data acquisition runs were done with rosette 1. The signal of the FET
amplifier was sent to a lock-in amplifier and the data were analyzed off-line. When
the DR was not operating, the noise was dominated by the white noise of the FET
amplifier with the time constant of the lock-in amplifier set to 0.3 seconds. When
the DR was operating, the equivalent temperature was about 60 K for mode f+,1 .
The mode f+,2 at 3226 Hz was not effected by the DR. The extra noise came from
the 1K pot, possible due to the gas flow leaving it. In fact, the two (low) impedances
that normally are closed by microvalves, remained blocked when they were open,
leading to high pressure in the pot and high gas flow.
4.2. Capacitive closed membrane transducer
In the design of the closed membrane transducer (CMT), several improvements have
been made with respect to the Rosette-design. The screw holes were increased from
M6 to M8. We used stainless steel screws instead of CuAl6%, so the applied torque
could be increased from about 8 Nm to 24 Nm. The amount of holes was increased
from three to four holes and the contact area with the sphere was reduced to reduce
possible dissipation between the surfaces, leaving just four “legs” underneath the
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Figure 11. Comparison of the mechanical quality factor of the free sphere and of the sphere when
coupled with two transducers. The coupled modes of rosette nr 1 are denoted by f−,1 and f+,1
and those of rosette nr 2 f−,2 and f+,2 . Figure a) shows the Q-factor of the sphere modes before
(free sphere modes 1-5) and after the coupling of the two transducers (1’,3’ and 4’). Figure b)
shows the splitting of the modes and the mechanical Q of both transducer modes f+,1 and f+,2 .

holes. The electrode was deposited on a sapphire disk (diameter = 76 mm, thickness
= 0.4 mm), which made the transducer much more compact. Two CMTs (CMT1
and CMT2) were built and tuned to the resonance frequency of the quadrupole
modes of the sphere at room temperature. They have an effective resonant mass
of about 200 g and a capacitance measured at 77 K of 680 pF, corresponding
to a gap of about 33 µm. The Q values measured at 77 K were 3.8 · 104 and
6.7·104. The maximum voltage that could be applied was of 150 Volt. The resonator
mounted on the NE position coupled to the fifth spheroidal quadrupole mode of the
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sphere and the one mounted on the SW position to the second, just like the rosette
resonators. The splitting was symmetric, of about 42 Hz relative to the frequency
of the unperturbed mode (without transducer), for both transducers.

Figure 12. Left: A schematic picture of the closed membrane resonator. Right: The electrode
has been glued to the resonator. The electrode of the transducer is made of platinum deposited
on a sapphire disk. The photo shows the transducer screwed onto the sphere.

4.3. Progress on the two mode inductive transducer
In parallel with the transducers described above, we are developing a two-mode
transducer with an inductive read-out to increase the sensitivity and the bandwidth of the detector13 . The prototype consists of a first resonator made of CuAl6%,
according the the rosette design as described above. The mass is about 500 grams.
A conical hole is machined out of the resonator mass. The conical support of the
second resonator can be press-fitted into this hole by differential contraction. The
second resonator, springs and resonator support are made of one piece of Al5056,
machined by Electro-erosion. The small resonator is a 0.7 mm thick disk with
a diameter of 33 mm and the springs are four cantilever legs. The mass of the
resonator is 1.5 g. The oscillations of the last resonator will be converted inductively
into an electrical signal. A persistent current will be trapped in a flat Niobium
coil6 , placed in front of the second mass at a distance of about 20 µm, producing a
magnetic field. Since the critical field of Al5056 is too low, a layer of Niobium has
been deposited on the disk of the second resonator. The effect of the Nb deposition
on the mechanical Q of the resonator has been measured and gave a reduction in Qfactor of less than 15%, from 1.2 · 106 to 1.0 · 106 at 4.2 K. The effect of a magnetic
field on the mechanical quality factor and the electrical quality factor of the Nb
circuit, will be tested in the near future. A preliminary test of the mechanical
quality factor of the two resonators assembled together gave a low Q factor of the
first mode. We are currently trying to improve the clamping of the resonators.
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5. Two-stage SQUID system
Two-stage SQUID systems are developed to reduce the noise contribution of the
room temperature pre-amplifier. In a two-stage configuration, the overall input
white noise is dominated by the intrinsic noise of the sensor SQUID. When used in
the transducer chain for resonant gravitational waves detectors, two-stage SQUID
system can improve the detection sensitivity by orders of magnitude14 . A low noise
two-stage SQUID based on DROS15 as amplifier SQUID has the advantage that it
doesn’t require flux modulation because of the large flux-to-voltage transfer function
of the DROS. Direct voltage read-out is then made possible without degradation of
the noise. The room temperature electronics can be then greatly simplified16 . This
is important to develop a compact transducer chain and when six transducers have
to be used like in a spherical gravitational wave detector. We are currently developing two kinds of two-stage SQUID systems, both with a DROS as a second stage. In
the first configuration we use a standard Quantum Design (QD) dc SQUID chip as
a sensor SQUID. The second configuration has a dc SQUID specially designed for
MiniGRAIL in collaboration with the Low Temperature Division of the University
of Twente (The Netherlands).
5.1. Quantum Design - DROS
Figure 13 shows a schematic drawing of a two-stage system with a QD SQUID as
sensor and a DROS as the second stage.

Lf

r

I

b

Φ sig

Φ sig

Φ fb

r

R

bias

I fb
V bias

Quantum Design
dc-SQUID chip

L

sh

R

sh

Lf

Vout
Φ ref

DROS chip
Figure 13.

A schematic drawing of a two-stage SQUID system with a DROS as a second stage.

The dc SQUID is biased at a constant voltage by means of a resistor Rbias =
0.27 Ω. The current through the sensor SQUID is modulated by an applied signal
flux Φsig and is fed through the input coil of the DROS. Inductances Lf are placed
in series as filters. The QD chip also has evaporated resistors between the SQUID
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and the connecting pads, which add a total resistance of 1 Ω in series with Lf . RC
filters are placed in parallel with the input coils of the dc SQUID and the DROS to
damp the internal resonances of the input coil.
Both the QD dc SQUID and the DROS are bonded on the same PC-board,
which is fixed to a lead-tin plated copper support and enclosed in a Nb shield. The
input coil of the sensor SQUID is connected by 50 µm thick annealed Nb wires to
Nb blocks for further connection to the transducer. An extra module with RFfilters for the feedback and bias lines of both the SQUIDs is connected outside the
two-stage SQUID module. The main features of the dc SQUID and the DROS are
summarised in table 2.
Table 2. Parameters of the QD dc SQUID and the
DROS used in the experiment. a measured value, b
nominal value.
Electrical parameter
Lsq (pH)
Ic = 2I0 (µA)
βL = 2I0 Lsq/Φ0
Rshunt (Ω)
Min (nH)
Lin (µH)

QD dc SQUID
80b
16a
0.62
1.6a
10b
1.8b

DROS
550a
4 − 5a
1.2
47a
6.7a
0.15a

The energy resolution is commonly used to compare different SQUIDs, even if
it is not enough to fully describe their properties. Strongly coupling the SQUID
to a high-Q L − C resonant circuit allows for example to measure the back-action
of the SQUID at the resonance frequency and to estimate both the input current
and voltage noise of the amplifier. Two-stage SQUID systems based on a DROS
and strongly coupled to high Q L − C resonators are currently under investigation
in Leiden. For a non-hysteretic dc SQUID the energy resolution can be calculated
using17

ǫ=

16kB T Lsq
SΦ
≃
2Lsq
R



1 + βL
2βL

2

,

(2)

where SΦ is the flux noise spectral density, T is the temperature of the SQUID,
R is the shunt resistance, Lsq the inductance of the SQUID and βL = 2I0 Lsq /Φ0
the screening parameter. The two-stage SQUID system is characterized by using
home-made flux locked loop (FLL) electronics based on direct voltage read-out.
The measured V − Φsig of the two-stage SQUID system is shown in Figure 14 for
different bias points of the dc SQUID, while the DROS was constantly biased at a
current Ib,2 = 20 µA. The noise spectrum of the two-stage SQUID system measured
in FLL mode at 4.2 K is shown in Figure 15.
√
√
The total white flux noise is SΦ = 1.28 µΦ0/ Hz and was obtained with bias
currents of the first and second stage respectively Ib,1 = 140 µA and Ib,2 = 20 µA.
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Figure 14. V − Φsig curves of the two-stage SQUID for different bias currents of the first stage.
The bias current of the DROS was fixed at Ib,2 = 20 µA.

This corresponds to an intrinsic energy resolution of ǫ = SΦ /2Lsq = 409~. This
is in good agreement with the theoretical prediction of ǫ = 441~ calculated from
Equation (2), where βL = 0.62 for the QD dc SQUID chip under test. The flux-tovoltage transfer function at the best bias point is ∂V /∂Φ = 7.9 mV/Φ0 and the flux
gain between the two SQUIDs is G = 40. We are currently testing the two-stage
SQUID system in a dilution refrigerator unit in order to measure its thermal noise
in the mK range. The low temperature should improve the energy resolution by at
least one order of magnitude and reduce the amplifier noise towards the quantum
limit.

5.2. Twente - DROS
One of the main problems in reaching the quantum limit with dc SQUID amplifiers
is the cooling of the chip itself and of the shunt resistors. This becomes critical
below 200 mK18,19 . We designed and fabricated new dc SQUIDs with Pd cooling
fins added to the shunt resistors as shown in Figure 16. The input inductance of
this dc SQUIDs is of 150 nH. They are not suitable for capacitive read-out, but can
be used to measure the intrinsic noise of the dc SQUID and for the future two-mode
low inductance transducer.
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SQUID module for Quantum Design and DROS
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Figure 15. Flux noise spectrum of the two-stage SQUID based on a QD dc SQUID and a DROS
measured at 4.2 K.

Figure 16. Micrograph (a) and scheme (b) of the sensor SQUIDs with Pd cooling fins (grey
blocks) added to the shunt resistors

In the same fabrication run, we also included dc SQUID chips with no cooling
fins, but with an intermediate transformer in order to increase to 1 µH the input
inductance of the dc SQUID, to improve the coupling to the impedance matching
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transformer used in the capacitive transducer chain. The dc SQUID is designed
to have Josephson junctions with a critical current of 10 µA, a SQUID inductance
Lsq = 200 pH and shunt
√ resistors Rsh = 6 Ω. The designed theoretical flux noise at
4.2 K is of 1.2 µΦ0 / Hz and the energy resolution 200 ~. The main feature of the
Twente dc SQUID are summarized in table 3.
Table 3. Parameters of the Twente dc SQUID.
value, b nominal value.
Electrical parameter

TW dc SQUID
cooling fins
200b
10b , 2 ÷ 7a
1b , 0.2 ÷ 0.7a
6a
3.8b
0.100b

Lsq (pH)
Ic = 2I0 (µA)
βL = 2I0 Lsq/Φ0
Rshunt (Ω)
Min (nH)
Lin (µH)

a

measured

TW dc SQUID
large input coil
200b
10b , 2 ÷ 7a
1b , 0.2 ÷ 0.7a
6a
4.1b
1.0b

1/2

flux noise [µΦo/Hz ]

The dc SQUID is read-out by a DROS in a two-stage configuration similar to the
QD dc SQUID. The dc SQUID is biased at constant voltage by means of a resistor
Rbias = 0.5 Ω. A total inductance Lf = 2 µH is placed between the dc SQUID and
the DROS as a filter.

SQUID module for TWENTE dc−SQUID and DROS
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Figure 17. Flux noise spectrum of the two-stage SQUID based on a TWENTE dc SQUID and a
DROS measured at 4.2K.

Figure 17 shows a plot of the noise of the Twente SQUID measured in a two-
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stage configuration at 4.2 K. The total white flux noise is SΦ = 2.02 µΦ0 / Hz
and was obtained with bias currents of the first and second stage respectively Ib,1 =
35 µA and Ib,2 = 20 µA. This corresponds to an intrinsic energy resolution of
ǫ = SΦ /2Lsq = 407~. Because of a fabrication problem, the Josephson junction had
a lower critical current than planned, thus explaining the higher noise obtained.
The critical current of the junctions of the dc SQUID under test was measured to
be 2Ic ∼ 7 µA, consequently, the screening parameter is βL ∼ 0.7, lower than the
planned βL ∼ 1. From equation 2, using the real parameters of the dc SQUID under
test, we get a theoretical energy resolution of ǫ434~, in agreement with the measured
value. The peak at 200 Hz is due to mechanical vibrations in the experimental
setup. Preliminary measurements have been performed with both the two doubleSQUID configurations strongly coupled to a high-Q LC-resonator. With the QD dc
SQUID distorted V − Φ are observed, but it is possible to work with the SQUID in
Flux Locked Loop and the system is rather stable. When using a TW dc SQUID,
the V − Φ characteristic are clean and not distorted, but a more robust feedback
scheme is necessary to make the system stable. More results will be shown in the
near future.
5.3. Predicted sensitivity of MiniGRAIL
We derive here the strain sensitivity that we are aiming to reach with MiniGRAIL
in the next run. For the calculation we consider a resonator like the CMT described
above, coupled to one spheroidal mode of the sphere. The sensitivity curve is plot
in Figure 18.
The thermodynamic temperature of the sphere-transducer system is of T = 100
mK and the quality factor is about Q ∼ 106 . We consider an energy resolution of the
SQUID of about 2000 ~ and a coupling between the SQUID and the supercunducting
transformer of k = 0.4. We chose a safe bias voltage of V = 80 Volt to calculate
the sensitivity curve. The electrical mode of the transformer is not coupled
√ with
the mechanical modes. A peak strain√sensitivity of about Shh ∼ 1 · 10−21/ Hz and
a strain sensitivity Shh ∼ 6 · 10−20 / Hz with 20 Hz bandwidth is expected. The
main noise contribution is given by the current noise of the dc SQUID
MiniGRAIL, working with a 10 ~ SQUID energy resolution, a two-mode transducer and all the√parameters optimized can reach a minimum strain sensitivity of
Shh ∼ 6 · 10−22 / Hz with 300 Hz bandwidth.
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Strain sensitivity of miniGRAIL expected for next run
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