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Abstract. The energy sensitivity of a direct current (dc) superconducting quantum in-
terference device (SQUID) can be improved if it is operated in a two-stage configuration.
Employing this technique, a commercial dc SQUID system was modified and made compet-
itive with other sensors especially designed for very low noise applications. We report the
noise measurements performed in the temperature range 4.2 K - 25mK. At 4.2 K, the cou-
pled energy sensitivity obtained with the two-stage dc SQUID was approximately ten times
better than with a conventional readout electronics. The noise energy decreases linearly until
approximately 300 mK, in good agreement with theoretical previsions. At lower temperature
the hot-electron effect produces a saturation and the best energy sensitivity measured with

open input coil is 35 A.
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1. Introduction

Conventional readout electronics do not permit the operation of a direct current (dc) super-
conducting quantum interference device (SQUID) at noise levels approaching its quantum
limit. The noise contribution of the room temperature FET amplifier is dominant and only
a very small improvement in the total noise is obtainable lowering the temperature of the dc
SQUID sensor below 4.2 K '. To overcome the problem, a two-stage configuration is usually
employed, in which a first SQUID operates as a sensor and a second as an amplifier. Several
authors?~® have realized double SQUID systems and some were able to obtain near quan-
tum limited energy sensitivity. In the field of gravitational waves detection, where SQUIDs
are used as a first stage amplifier of the motion transducer,3? the proposed very low noise

458 have to meet special requirements' and are still under development.

systems
The two-stage SQUID system described in this article was developed for the AURIGA!
gravitational wave detector. We decided to build this system employing SQUID sensors and
read-out electronics manufactured by Quantum Design (Q.D.),!! motivated by previous ex-
perience with such devices. In fact, the AURIGA detector was operated for 3 years with a
conventional Q.D. dc SQUID obtaining an effective temperature Tepr ~ 1 mK. T¢py multi-
plied by the Boltzmann’s constant is the minimum energy detectable by the detector and
this 1 mK level is the best obtained with a resonant bar'?2. The reliability of the SQUID
system was satisfactory and its energy sensitivity was quite close to the specifications, i.e.
approximately 4000 #. Important features of the Q.D. dc SQUID, as amplifier in resonant
gravitational waves detectors, are a reasonable value of input coil inductance ~1.6 4H and a
quite good coupling factor k2 ~ 0.87 with the SQUID loop. Also the gradiometric configu-
ration of the input and the feedback coil is a necessary requirement since it strongly reduces
the inductive coupling between the two coils and consequently prevents SQUID drive signals
from coupling'® into the resonant transducer. Moreover, other parameters such as the dy-
namic input impedance'#, the back action noise contribution'®, and the stability of the Q.D.

dc SQUID operated with high Q resonant sources have been characterized in experiments



collateral to the gravitational wave detector operation. The knowledge of this data has been
important to optimize the performance of the detector and constitutes a precious resource
to invest in further progress. An improvement of the detector sensitivity is in fact strongly
desirable since the present one makes it possible only the detection of gravitational waves
coming from galactic sources, which have a very low statistical occurrence. According to the
Giffard limit'6, if an optimal matching between the amplifier and the detector is achieved,
the expected detector best effective noise temperature is T,y = 2T},,, where T}, is the first
stage amplifier noise temperature. For a dc SQUID, operated with the theoretical'” noise
level, T,, can be related to the noise energy per unit bandwidth €, by the approximated
expression Ty, ~ we,/kp where kp is the Boltzmann constant and w the angular frequency
of the operating signal. A dc SQUID with the lowest noise temperature is therefore necessary

to approach the highest detector sensitivity.

2. System description

The schematic of the two-stage SQUID circuit is shown in Fig. 1. The sensor SQUID is
current biased by means of a 150 K resistor which converts the battery voltage into cur-
rent. The resistor R, = 2.3 €1 in series with a coil Ly; = 15 pH connects the sensor SQUID
output with the amplifier SQUID input coil. The R,, value provides a gain of approximately
70 between the two SQUIDs and produces a negligible thermal noise. The Ly coil reduces
the interference at the Josephson frequencies between the two SQUIDs and filters the high
frequency white noise which would appear as low frequency noise at the output of the ampli-
fier SQUID read out electronics, due to the mixing-down effects'® of the modulation circuit.
Actually, the amplifier SQUID is readout by a conventional Q.D. electronics (Model 550)
which operates with a 500 kHz modulation frequency.

When the overall system works in open loop mode, the Q.D. electronics is set in closed loop
mode, and operates as a linear amplifier. For closed loop operation of the overall system, the
Q.D. electronics operates in open loop mode. In this case the detector output is sent to a

one pole low pass filter, with a rolloff frequency of 30 Hz, which acts as an integrator. A 1



M) feedback resistor closes the loop on the sensor SQUID feedback coil.

The sensor and amplifier SQUIDs have standard Q.D. chips. They are fabricated from
sputter-deposited niobium using plasma etching to define the features. Superconducting
layers are insulated by films of sputter-deposited SiOs. The junctions are fabricated using
the standard Nb-Al-AlyO3-Al-Nb tri-layer recipe!®. The unique feature of the Q.D. device
is its high degree of symmetry. The input and modulation coils are configured as first order
gradiometers. The geometry results in ”zero” mutual inductance between modulation and
input coils. The bias current is introduced into the junctions using four leads in such a way
that this current does not couple to either set of coils. The Q.D. SQUID is conceptually
similar to a ”double balanced mixer” in that the ports are carefully designed to have low
cross-coupling. While this approach results in a higher noise level than the classic ”Ketchen
Washer” it makes the device more suitable for an optimized system design.

The conventional Q.D. assembly was maintened for the amplifier SQUID, while some changes
have been made for the sensor SQUID. The toroidal transformer, the heater and the ten pin
Lemo connector have been removed from the circuit board on which the chip is mounted.
This circuit board was installed in an especially manufactured Nb shield which improves
the thermal sink of the chip for the operation in the dilution refrigerator. A thin lead tube
running between the two SQUIDs holders contains the twisted-pair wires which connect the
sensor SQUID output with the amplifier SQUID input coil.

The wiring connecting the low temperature devices and the room temperature electronics
consists of twisted-pair phosphor bronze wires. Two different overbraids enclose separately
the sensor and the amplifier SQUID wiring in order to avoid interferences and cross-talk.
For the measurements carried out in the dilution refrigerator, the wiring has heat sinks at
three different stages: at the 1K pot, at the cold plate and at the mixing chamber. For the
amplifier SQUID wiring, we adopted heat sinks which we realized for previous experiments
with a conventional single Q.D. SQUID; they are similar to those described in ref.'. For the
sensor SQUID wiring, heat sinks consist of more conventional oxygen-free high-conductivity

copper bobbins wrapped with the overbraid. The heat input was minimized, using stainless



steel overbraid for the segment linking the vacuum feedthrough on the top flange with the
mixing chamber; copper overbraid and copper twisted-pairs were employed for the segment
between the mixing chamber and the SQUID Nb shield, in order to improve the cooling of
the sensors.

The dilution refrigerator employed for the experiment is an Oxford Instrument with 200 pW
of cooling power at 100 mK.

Regarding the thermometry, a germanium resistor anchored on the mixing chamber was em-
ployed in the dilution refrigerator. Moreover, in order to check the existence of the thermal
equilibrium between the sensor SQUID and the mixing chamber, the thermal noise of the
matching resistor R,,, which was soldered very close to the sensor SQUID chip on the board
inside the Nb shield, was sampled. This was accomplished turning off the bias current of
the sensor SQUID and measuring the noise current of R,, by means of the amplifier SQUID.
The temperature derived from the Johnson noise formula was compared to the temperature

measured with the germanium resistor.

3. Experimental results and discussion

The two-stage SQUID system noise performance was measured in a liquid helium bath in the
temperature range 4.2 - 1.2 K and then in a dilution refrigerator down to 25 mK. The sensor
SQUID was operated with different input coil configurations : open, shorted and loaded. The
system was operated in closed loop with a frequency bandwidth of approximately 15 kHz and
flat response up to approximately 6 kHz. At every temperature point, the bias current and
the dc flux were properly set in order to obtain the minimum noise. The flux noise spectrum
was sampled and the coupled energy sensitivity was computed in the nearly white region
between 4 and 6 kHz, and at 1 kHz, which is the typical operation frequency of resonant bar

detector for gravitational waves. The coupled energy sensitivity €, of the SQUID is given by

2M?

€En =



where L;,1 = 1.63 pH is the input coil inductance, ®,, is the flux noise, and M = 10.7
nH is the mutual inductance between the input coil and the SQUID loop. In Fig. 2, €, is
reported with open input coil as a function of the temperature. If the measured noise were
due to the thermal noise produced by the SQUID loop shunt resistors Ry, we would expect

a temperature dependence in agreement with the Tesche-Clarke formula20:2!:

(9+ 1)kgTL
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where k is the coupling coefficient of M, L is the SQUID loop inductance, and T is the
temperature. The experimental data are linear down to approximately 300 mK and then the
noise saturates. A linear fit including only the data in the 4.2 - 0.3 K range gives the result
en[h] = (91£1)T[K]+14+2. The small but not negligible intercept means that a nonthermal
contribution to the total noise is present. We will discuss later the possible sources of this
additional noise and we examine again the data in the whole explored temperature range.
The saturating behavior below 300 mK can be due to a temperature difference between the
SQUID and the dilution refrigerator mixing chamber. More precisely, we believe that the
Nb shield and the SQUID board were in good thermal equilibrium with the mixing chamber,
since the temperature of the germanium resistor was in good agreement with that derived
from the Johnson noise of the R,, resistor soldered on the SQUID board. The likely cause
of the temperature difference is the hot-electron effect. According to Ref. 3 the electrical
power P dissipated by the resistive shunts of the SQUID Josephson junctions is such that
the electrons are no longer in thermal equilibrium with phonons at millikelvin temperatures,
and the expected effective SQUID temperature T is:

P 1/5
T. = (E - T5) (3)

where > is a term proportional to the heat capacity and 2 is the shunt resistor volume.

Therefore the functional form which should be consistent with the experimental data is
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where Tpin = [P/(2Q)]Y/® is the minimum temperature to which the electrons in the
SQUID can cool and € is the nonthermal noise contribution. The function (4) was fit-
ted to the experimental data using three parameters: L/(k%Rs), Thnin, and €. The results
are L/(k’R;) = 7.76+£0.06 x 107 s, T}5, = 0.25+£0.02 K, and eg = 1342 h. If we calculate
L/(k*Rs) using the typical data furnished by Q.D. , i.e. L ~ 80 pH, k? ~ 0.87, and Ry ~ 2
Q, we find agreement within a factor 1.7. The small departure between the experimental and
the manufacturer estimated parameters can be due to the thermal noise contribution of some
nonsuperconductive metallic part contained inside the SQUID shield. We had evidence of
such an effect with a preliminary assembly of the sensor SQUID when we placed a thin (35
pum of thickness) copper slab in contact with the fiber glass board holding the SQUID chip.
The purpose was to improve the thermal sink, but the result was an increase of approximately
30 % in the flux noise detected with open input coil. The thermal magnetic noise coupled to
the SQUID is greater, by approximately 80 % if the input coil is shorted, due to an increase
of the sensing area. We have found that also the small brass screws, used to clamp the Nb
wire of an external signal coil to the SQUID input coil, gave a not negligible contribution to
the thermal noise. The substitution of such screws with Nb screws improved the flux noise
by approximately 15 %. A theoretical approach to the magnetic noise due to the thermal
agitation of electric charge in conductors can be found in Refs. 22 and 23.

The results of the noise measurements with the sensor SQUID operated with shorted input
coil are reported in Fig. 3. We can observe that the data in the range 4.2 - 3.8 K have a
different slope than the data in the range below 3.7 K. This can be attributed to the su-
perconductive transition of the tin solder (96 % tin, 4 % silver) employed on the SQUID
circuit board . Above 3.7 K such material is normal and can contribute to the thermal
magnetic noise, while below 3.7 K the noise must disappear. The slope of the data below
3.7 K is 37.7 £ 0.5 h/K: compared to the slope of the data sampled with open input coil,
is approximately 2.4 times smaller. This fact can be explained by considering the presence
of a parasitic capacitance between the input coil and the SQUID loop which modifies the

dynamics of the coupled SQUID. According to the theory!”?* describing the behavior of a dc



SQUID coupled to an input circuit, it is possible to find an analytical solution in two limiting
cases. In the first case the parasitic capacitance is negligible and the SQUID output noise is
independent on the value of the inductive input load; in this case, the expected open input
noise is equal to the expected shorted input noise. In the second limiting case, the dominant
interacting mechanism between input coil and SQUID loop, at the Josephson frequency, is
the parasitic capacitance instead of the mutual inductance. In this case, no current flows,
at the Josephson frequency, in the input circuit. As a consequence of this assumption, the
expected open input noise is approximately 3.5 times higher than the expected shorted input
noise. Our experimental result is not very far from this prediction and therefore can confirm
the existence of a not negligible parasitic capacitance between the input coil and the SQUID
loop.

Regarding the noise performance of the system with loaded input coil, we can report a mea-
surement at the temperature 4.2 K with a 2 pgH coil connected to the input of the sensor
SQUID. The coil was housed in a Nb shield separated from that of the sensor SQUID in
order to avoid the pick up of the thermal noise produced by that metallic parts (like circuit
board traces) present on the SQUID board, which we could not remove. We have found a
value of flux noise intermediate between the shorted and the open input coil configuration,
corresponding to a noise energy of 244 h, in the nearly white region.

As previously stated, we have reported the energy sensitivity calculated in the frequency
range 4-6 kHz, where we have found a nearly flat flux spectrum. However, if we look at Fig.
4, we can note that at 0.1 K the 1/f contribution to the total noise, is not negligible. A depen-
dence of the 1/f noise on the temperature is not evident in our measurements and therefore
we have estimated a mean value for the explored temperature range which corresponds to
approximately 5 A at 5 kHz. With this correction, the temperature independent noise €g
expected by Eq.(4) has to be reduced to approximately 8 . Another part of €y is also due
to the current noise generated by the room temperature resistors directly connected to the
SQUID and by the readout electronics of the amplifier SQUID. The 1 MS2 feedback resistor

contributes approximately 2 &, the bias resistor less than 0.5 k, and the readout electronics



approximately 0.5 h. Finally we attribute the remaining 5 & to EMI; this is reasonably small
value and gives an estimation of the efficiency of shielding and filtering of the system.

To complete the list of the noise sources which are external to the sensor SQUID, we must
include the contribution of the matching resistor R,,. This noise scales with the temperature,
and we estimated that contributes less than 10 % to the noise energy.

Applications which require high energy sensitivity can greatly benefit from this system, and,
in particular, it is very promising in the gravitational wave detection field. For the Auriga
detector, the employment of this two-stage SQUID amplifier would improve the energy sen-
sitivity by nearly two order of magnitude. A somehow better result could be obtained if
it were possible to decrease the 1/f noise cut off frequency. Unfortunately the conventional
modulation scheme, which is usually employed to reduce 1/f noise, seems quite difficult to
implement due to the limited SQUID amplifier bandwidth and dynamic range, and, moreover
it could be difficult to maintain a good noise insulation of the sensor SQUID if additional
modulating signals have to be added.

Further experiments are in progress in order to measure the back action noise by means of a

high quality factor resonator coupled to the two-stage SQUID system.
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Figure Captions

Fig. 1. Schematic circuit diagram of the two-stage SQUID system.

Fig. 2. The coupled energy sensitivity of the system with open input coil as a function
of the temperature; the circles and the squares represent respectively the energy noise in the
nearly white noise region and at approximately 1 kHz. The solid line is a three parameters

fitting of the function Eq.(4) to the data
Fig. 3. The coupled energy sensitivity of the system with shorted input coil as a function
of the temperature; the circles and the squares represent respectively the energy noise in the

nearly white noise region and at approximately 1 kHz. The solid line is a linear fit to the data.

Fig. 4. The flux noise spectrum of the system with open input coil at 4.1 K and 0.1 K.
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Figure 1 — R. Mezzena - Rev. Sci. Instrum.
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Figure2 - R. Mezzena - Rev. Sci. Instrum.
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Figure3 - R. Mezzena - Rev. Sci. Instrum.
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Figure4 - R. Mezzena - Rev. Sci. Intrum.
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