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Abstract.  We present measurements on a two-stage SQUID system based on a dc-
SQUID as a sensor and a DROS as an ampli er. We measured the intrinsic noise of the
dc-SQUID at 4:2K . A new dc-SQUID has been fabricated. It was specially designed
to be used with miniGRAIL transducers. Cooling ns have been added in order to
improve the cooling of the SQUID and the design is optimized to achieve the quantum
limit of the sensor SQUID at temperatures above 100mK. In this paper we alsoeport
the e®ect of the deposition of a Nb Tm on the quality factor of a small mass A5056
resonator. Finally, the results of Q-factor measurements on a capacitive trargucer for
the current miniGRAIL run are presented.

1. Introduction

We are developing two-stage SQUID ampli ers for the spherical ayvitational wave
antenna miniGRAIL [1]. In this report we will describe the resuk of a working two-stage
SQUID system consisting of a dc-SQUID as sensor SQUID and a Double Rel#n
Oscillation SQUID (DROS) as ampli er stage, and the features of aewly designed dc-
SQUID currently under test. Further, we will describe the progess in the development
of a second stage of a two-mode inductive transducer and the rdsubf mechanical
quality factor measurements on a capacitive transducer.

2. Two-stage SQUID system based on a DROS

Two-stage SQUID systems are developed in order to reduce the noifedc-SQUID

ampli ers, normally limited by the room temperature electroncs [2] [3] [4] [5]. When
used in the transducer chain for resonant gravitational wavesetectors, they can improve
the detection sensitivity by orders of magnitude [6]. The systerdescribed here di®ers
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Figure 1. Scheme of the two-stage SQUID system based on a DROS

from other two-stage SQUIDs used in GW experiments since it uses RDS as an
ampli er SQUID [9]. A DROS has a large °ux-to-voltage transfer faction which

allows direct read-out of the signal. The room temperature @ttronics can be highly
simpli ed and the number of wires that need to be brought to the xperimental space
reduced. Both features are important when six transducers [8]ill be used to read-out
the spherical antenna.

The two-stage SQUID system we developed is schematically descdhbe gure 1
and is based on a con guration reported in ref. [2]. A standard gh manufactured
by Quantum Design (QD) z was chosen as rst stage dc-SQUID because of a larger
input inductance with respect to the dc-SQUID described in ref[2]. A new dc-SQUID,
specially designed for miniGRAIL, is currently under test.

The dc-SQUID is biased at a constant voltage by means of a resis®fi,s = 0:27-.
The current through the sensor SQUID is modulated by an appliedgnal °ux ©sy and
is fed through the input coil of the DROS. Inductanced ; are placed in series for the
purpose of Tter. The QD chip also has evaporated resistors betwe¢he SQUID and
the connecting pads, which add a total resistance of 1- in seriesitv L;. RC lters
are placed in parallel with the input coils of the dc-SQUID andhe DROS to damp the
internal resonances of the input coil.

Both the dc-SQUID and the DROS are bonded on the same PC-boardhigh is

xed to a lead-tin plated copper support and enclosed in a Nb shieldThe input coll
of the sensor SQUID is connected by & thick annealed Nb wires to Nb blocks for
further connection to the transducer.
An extra module with RF- Tters for the feedback and bias lines tboth the SQUIDs is
connected outside the two-stage SQUID module. The main featw®f the dc-SQUID
and the DROS are summarized in table 1.

The energy resolution is commonly used to compare di®erent SQU|2ven if it is

z Quantum Design, 11578 Sorrento Valley Road, San Diego
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Electrical parameter | QD dc-SQUID | DROS
Lsq(pH) 80° 550
lc=210(*A) 162 4; 52
_|_ = 2|0L8q=©0 0.62 1.1
Rshunt (') 1:6% 47
Min (nH) 10° 6:72
Lin (*H ) 1:8° 0:15

Table 1. Parameters of the dc-SQUID and the DROS used in the experiment.
2 measured value,” nominal value.

not enough to fully describe their properties. For a non-hystetic dc-SQUID the energy

resolution can be calculated using [7]
A ]

A
2 — S@ ' 1G<BTqu 1+ L 2_ (1)
- 2l R 2.
whereSg is the °ux noise spectral density,T is the temperature of the SQUID,R is the
shunt resistance L 54 the inductance of the SQUID and | = 21,Lsq=©, the screening
parameter.

The two-stage SQUID system is characterized by using home-made °lacked loop
(FLL) electronics based on direct voltage read-out.
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Figure 2. a) V| ©sg curves of the two-stage SQUID for di®erent bias currents of
the “rst stage. The bias current of the DROS was xed at ., = 20*A . b) Flux noise
spectrum of the two-stage SQUID measured at 4.2K.

The measuredV | ©gqy of the two-stage SQUID system is shown in gure 2(a)
for di®erent bias points of the dc-SQUID, while the DROS was cstantly biased at a
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current I, = 20*A . The noise spectrum of the two-stage SQUID system measured in
FLL mode at 4.2K is shown_in gure 2(b).

The total white °ux noise is’ Sg = 1:28 ©,= Hz and was obtained with bias currents
of the rst and second stage respectively,,; = 140'A and I, = 20'A. This

corresponds to an intrinsic energy resolution of = Sg=2Lsq = 409h and a coupled
energy resolution ofcp = LiSe?=2M;? = 534h. This is in good agreement with the
theoretical prediction of 2 = 441h calculated from (1), where | = 0:62 for the QD

dc-SQUID chip under test. The °ux-to-voltage transfer functionat the best bias point
is @V=@= 7:9mV =0, and the °ux gain between the two SQUIDs i<5 = 40.

We are currently testing the two-stage SQUID system in a dilution efrigerator unit

in order to measure its thermal noise in the mK range. The low teperature should
improve the energy resolution by at least one order of magnitecand reduce the ampli er
noise towards the quantum limit.

3. Fabrication of new dc-SQUIDs for miniGRAIL

One of the main problems in reaching the quantum limit with deSQUID ampli ers is

the cooling of the chip itself and of the shunt resistors. This benwes critical below 200
mK [3], [10]. We designed and fabricated new dc-SQUIDs with Paaling ns added

to the shunt resistors as shown in gure 3.

Figure 3. Micrograph (a) and scheme (b) of the sensors SQUIDs with Pd cooling "ns
(gray blocks) added to the shunt resistors.

The design is optimized to achieve the quantum limit at tempexture higher than 100
mK, while the cooling ns increase the contact area and reducée hot-electron e®ect
of the shunt resistors. The input coil is designed to have an induaice of the order
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of 1'H to make it useful for gravitational wave detectors. These SQUIDBave been
successfully fabricated and will be soon measured in a dilutionfrigerator.

4. Q factor of a small mass Al5056 resonator

We are planning to use a two-mode inductive transducer for the al con guration of
mMiniGRAIL to increase both the sensitivity and the bandwidth [13. Here we describe
an experiment performed on the second mass of a two-mode resonatlt is made of
Al5056 and consists of a disk, 0.7 mm thick and 33 mm in diameter, ratected to
the main body with 4 cantilever arms. The AI5056 resonator was egdtro discharge
machined (EDM) from one piece. It has a resonant frequency a256.4 Hz at 4.2 K and
an e®ective mass of 1.& On top of the resonating mass we deposited a 60@n thick
layer of Nb. The displacement of the mass will be detected by a Nb Trwoil [11] placed
in front of the disk at a distance of about 20'm . The superconducting current, stored
in the coil in a persistent way, generates a dc-magnetic eld, wdh is modulated by the
superconducting Nb Tm moving in front of it. The ac-current gerrated is picked up
by the coil itself and ampli ed by an integrated two-stage SQUID a described in [2].

In order to study the e®ect of a Nb Im layer on the mechanical proptes of the
Al5056 resonator we measured the quality factor of the resonator a 4.2 K cryostat
before and after the deposition of the Tm. The aluminium resortar is press- tted,
using thermal contraction techniques, inside a conic hole of eyid CuAl 6% support. To
improve the clamping, three AI5056 screws are also used to x thesanator vertically.
Before the Nb Im deposition and before any mechanical qualityaEtor measurements,
the top surface of the resonator was polished.

We measured, using piezoelectric transducers glued on the Al restor base, a
quality factor of Qpefore = 1:208 0:.05£ 10° at 4.2 K in vacuum with the resonator
as machined andQarer = 1:058 0.05£ 10° after the deposition of the Nb Tm. The
reduction in the mechanical quality factor was less than 15 %.

In order to evaluate the e®ect of a magnetic eld on the mechaaicquality factor
and the electrical quality factor of the Nb circuit, we are planing to test the AI5056
resonator with the Nb persistent coil in the near future.

5. Q factor of a capacitive transducer

For the current cryogenic run of miniGRAIL [1], we developed &rosette” resonator in
CuAl 6% [12]. The resonator has an e®ective mass of 4band the resonant frequency
of the main mode is about 3 kHz. The displacement of the mass is deted by capacitive
read-out.

The electrode is made of a CuAl disk press- tted, using thermal cariction
techniques, into a larger support ring. Te°on spacers are used taquide electrical
isolation. In the nal assembly, the gap between the resonating raa and the electrode
is about 23'm and it was realized using lead washers between the support ringdathe
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Figure 4. a) Q factor of the resonator vs temperature with 23*m and 50*m gap.
Vhias = 0 Volt. b) Q factor vs Vyias With 50 'm gap and T =170 mK.

external structure of the resonator. We measured the mechaniaguality factor of the
resonator down to 170 mK, with 23'm and 50m gap , see gure 4(a). In gure 4(b),
it is shown the e®ect of the voltage bias on the quality factor vem the gap was 50m .
We measured a quality factor of @2£ 10° at 170 mK at V = 0 Volt. This value
can be increased by a thermal treatment of the material at 508 in vacuum [13].

6. Conclusion

We fabricated and tested a new SQUID system for miniGRAIL transdues. It consists
of a two-stage SQUID system based on a QD dc-SQUID as sensor SQUID and aI3R
as an ampli er. With this system we measured an energy resolutiorf 09 A at 4.2
K, which corresponds to the intrinsic energy resolution of the @ SQUID. We are
performing measurements in a dilution refrigerator in ordeto study the behaviour of
such a system in the mK region. The main features of a newly desighdc-SQUID
are shown. The dc-SQUIDs were successfully fabricated and theye aurrently being
tested.

Further, we performed mechanical quality factor measureme&n on an AI5056
resonator before and after a Nb Tm was deposited on the top surfacé the resonating
disk. Q factors above 1 million were obtained with such a resormat

Finally, the mechanical features of a resonator used in the m@RAIL run described
in Ref. [1] are also reported.
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With the current features of the mechanical capacitive trasducer, a matching
superconducting transformer with a coupling ok = 0:4 and the two-stage, SQUID
described in the text, miniGRAIL can reach a strain noisdi » 3£ 10 2= Hz at
resonance andi » 2£ 10 2= Hz over 50 Hz.
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