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Dc superconducting quantum interference device amplifier for gravitational
wave detectors with a true noise temperature of 16 mK
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We report on the noise characterization of a two-stage dc superconducting quantum interference
device ~SQUID! amplifier developed for resonant gravitational wave detectors. The back action
noise is estimated by coupling the SQUID to an electrical resonator at 1.6 kHz withQ51.1
3106. From measurements of back action and additive SQUID noise, performed in the temperature
range 1.5–4.2 K, an upper limit is set on the noise temperatureTn of the device at the resonator
frequency. The best value obtained at 1.5 K isTn<16 mK and corresponds to 200 resonator quanta.
The thermal component of the noise temperature is found in reasonable agreement with the
predicted value. ©2001 American Institute of Physics.@DOI: 10.1063/1.1408276#
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A coupled dc superconducting quantum interference
vice ~SQUID! is often modeled@Fig. 1~b!# as an ideal curren
amplifier with two noise sources: a current noise sourceI n in
parallel with the input port that provides for the additiv
noise, and a voltage noise sourceVn in series with the input
port that acts as a back action generator on the input circ
In general, the most appropriate figure of merit of the dev
is the noise temperatureTn , defined by

2kbTn5@SvvSii 2Im~Siv!2#1/2, ~1!

wherekb is Boltzmann’s constant,Svv , Sii are the monolat-
eral power spectral densities of the two noise generators,
Siv is the cross-correlation spectral density, which, accord
to Clarke–Tesche–Giffard~CTG! theory,1,2 is purely imagi-
nary. The same theory predicts that the noise temperatu
a dc SQUID, at a frequencyv in the white-noise region and
at temperatureT, is given by

Tn5gT
vLS

RS
, ~2!

whereRS and LS are, respectively, the shunt resistance a
self-inductance of the SQUID andg is a numerical factor:
g52.8 by applying definition~1! and g56.6 if the correla-
tion termSiv is neglected.Tn is the temperature at which th
thermal noise power of the input source equals that of
amplifier, provided that the source impedance is optimiz
kbTn can also be interpreted as the minimum energy cha
of a harmonic oscillator that the amplifier can detect un
optimum matching conditions, as in the case of a reson
gravitational wave~GW! detector.3

a!Electronic mail: vinante@science.unitn.it
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The energy resolution, defined bye5LiSii /2 and thus
related only to the additive component of the SQUID noi
is usually reported as the figure of merit in most papers ab
dc SQUIDs. However a measurement ofe cannot be consid-
ered a complete noise characterization, because it does
take into account the back action noise, which is not a n
ligible effect in at least some high-sensitivity application
such as radio-frequency amplifiers4 or GW detectors.5

FIG. 1. ~a! Schematic circuit diagram of the two-stage dc SQUID coupled
the high-Q resonator.~b! The dc SQUID is modeled by an ideal curren
amplifier with the noise sourcesVn and I n . The real part of the dynamic
input impedance is represented for convenience by the cold resistorr c in
series to the resonator.
7 © 2001 American Institute of Physics
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Measurements of the noise temperature have been
formed on several SQUID systems, very recently even o
near-quantum-limited device at 0.5 GHz.6 However, in the
frequency range, around 1 kHz, which is of interest for re
nant GW detectors, the predicted back action of the
SQUID is very small. Indeed, it has been measured only
SQUIDs showing a back action artificially enhanced7 or
much bigger than expected8 and on a commercial system
with e'3000\.2,9

In this letter, we report the noise measurement on a t
stage SQUID system developed for the GW detec
AURIGA,5 which achieves the best measured noise temp
ture of an amplifier operating in the audio-frequency ran
more than one order of magnitude lower than previo
results.8,9

The measurement method is very similar to that
scribed in Refs. 2 and 9. The SQUID is coupled to a hig
quality factor electricalrLC resonator through a superco
ducting matching transformer~Fig. 1!. The resonator is
vibrationally and magnetically shielded enough to make
cess noise negligible, so that only two modeled source
voltage noise act on the resonator: the thermal sourceVth

associated with resonator intrinsic losses, with spectral d
sity 4kbTr, and the SQUID back action generatorVn . The
input impedance of the SQUID is represented by a pure
ductanceLi . A noise-free resistorr c is added to the model to
take into account the effect of the real part of the SQU
dynamic input impedance10 or the effect of additional feed
back loops that can be employed to realize a cold dampin
the resonator.

Following the model we find that around the resonan
frequencyv0 , provided that the quality factorQ@1, the
contribution of the additive SQUID noise is negligible, an
the total current noise power spectral density flowing in
input coil is a classical Lorentzian curve:

~Sii ! tot~v!5
a~v0!

F12S v0

v D 2G2

1S v0

vQD 2 , ~3!

where

a~v0!5S M

Lt
D 2 4kBT

v0LrQi
1S M

Lt
D 4 Svv~v0!

~v0Lr !
2 , ~4!

and @see Fig. 1~b!# Lt5Li1Lp , Lr5L2M2/Lt is the coil
inductance reduced by the coupling to the SQUID,v0

5(LrC)21/2 is the resonant angular frequency,Q
5v0Lr /(r 1r c) is the overall quality factor, andQi

5v0Lr /r is the intrinsic quality factor. From a measureme
of a(v0), it is possible to estimate the back action no
spectral densitySvv(v0), provided thatQi and M /Lt are
high enough to make the back action term in Eq.~4! not
negligible with respect to the thermal term.

Experimental details on the dc SQUID are reported i
preliminary work.11 It is a two-stage system@Fig. 1~a!# where
a second SQUID~the amplifier! is used as a low-noise pre
amplifier of the first~the sensor!. Both sensor and amplifie
chips were manufactured by Quantum Design.12 The sensor
parameters given by the manufacturer areRS52 V and
LS580 pH. The SQUIDs are placed in different shields a
are connected to the room-temperature electronics thro
er-
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different cables in order to avoid any stray cross talk betw
the wires. The SQUID sensor, biased through a batte
powered current box, is not modulated and its output volta
is fed through a matching resistorRm52.2 V to the SQUID
amplifier, which is finally read out by standard manufactu
electronics with a 500 kHz modulation scheme. The syst
is operated in a conventional flux locked loop, with the o
put signal from the amplifier electronics sent to a one-p
integrator and fed back to the SQUID sensor. The maxim
bandwidth of the system in closed-loop mode is limited
various filtering stages to about 50 kHz. The slew rate
about 23104 f0 /s.

The high-Q resonator2,9,13 is based on a low-loss, low
stray-capacitance superconducting coil with a measured
ductance~in its housing! L5~0.55460.005! H, and a Teflon
capacitorC5~19.160.1! nF. The coil, the capacitor, and th
SQUID are housed in three separate superconducting shi
The SQUID is coupled to the resonator by means of a fl
transformer whose elements are the SQUID input c
Li51.64mH and a pickup coilLp52.8mH tightly coupled to
the main coil L with a geometrical coupling factork
5M /(LLp)1/2'0.5. A weak capacitive coupling betwee
feedback line and input coil, not shown in Fig. 1, is em
ployed to increaser c and damp the resonator; the quali
factor is decreased from its intrinsic valueQi'106 to Q
'103. This trick helps to avoid the well-known
instabilities10 of the SQUID–high-Q resonator systems.

For the noise measurement, the flux and bias curr
working point of the SQUID sensor is first optimized b
minimizing the out-of-resonance broadband noise. Then,
output voltage noise is sampled and fast Fourier transform
~FFT! through a computer-based spectrum analyzer. The
quency resolution is chosen to be at least ten times sm
than the bandwidth of the resonator, and up to 200 p
odograms are averaged. A weighted nonlinear fitting pro
dure is then applied to the resulting averaged spectrum
using Eq. ~3! as the fitting function in a 20 Hz window
aroundv0 where no spurious peaks are present. The rela
uncertainty on the data is taken as 1/N1/2, whereN is the
number of FFT that are averaged. The values ofa(v0), v0 ,
andQ are extracted as fitting parameters, and ax2 test with
a 95% confidence level is performed to check the goodn
of fit.

M /Lt5133.560.5 andLr5~0.47560.002! H were mea-
sured during a separate calibration run where the capa
was replaced by a known resistor, whose Nyquist noise
used as the calibration signal. The intrinsic quality factor
v5v0 was found to beQi5(1.0860.01)3106 by measur-
ing the time decay constant of the resonator in another s
rate run when the SQUID was weakly coupled to the re
nator in order not to affect the quality factor. The res
nance frequency during all measurements w
n05v0/2p51671.45 Hz. Knowing all these parameters, t
intrinsic thermal noise of the resonator at a given tempe
ture, given by the first right term in Eq.~4!, can be evaluated

In Fig. 2, the measured value ofa(v0) is shown as func-
tion of temperature in the range 1.5–4.2 K. The calcula
intrinsic thermal noise of the resonator is also shown; a p
vious series of tests,2,13 realized on the same experiment
apparatus by varyingv0 and Qi , showed that the therma
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noise is in good agreement with the prediction of t
fluctuation–dissipation theorem in the range 1.5–4.2 K.
ter subtracting the thermal noise from the measured dat
Fig. 2, the SQUID back action contribution, and hen
Svv(v0), are computed through Eq.~3!. In principle, the
power spectral densitiesSii and Siv could be measured si
multaneously toSvv by means of a more complex fittin
procedure over the whole bandwidth, about 200 Hz aro
the resonance for the present experimental setup, where
resonator noise is dominant over the SQUID additive no
Unfortunately, too many vibrational peaks are, for no
present in that region, making the fitting procedure rat
difficult. For this reason the additive current noiseSii (v) is
measured as a function ofT in a separate run when the inp
coil is left open, so that the back action voltage noise gi
no contribution.11 The approximate noise temperature atv
5v0 , Tn85@Svv(v0)Sii (v0)#1/2/2kb is then computed and
plotted in Fig. 3 in units of temperature and number
quantakbTn8/\v0 . Tn8 differs fromTn in the fact that it does
not consider the cross-correlation spectral densitySiv , which

FIG. 2. Measured resonator noise expressed by the quantitya(v0) as func-
tion of temperature atn051671 Hz. The continuous line represents t
calculated resonator thermal noise.

FIG. 3. Approximate noise temperatureTn85@Svv(v0)Sii (v0)#1/2/2kb at
n051671 Hz. The continuous line is the best linear fit to the data.
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is not estimated in our experiment. However, the relat
Tn8>Tn follows immediately from Eq.~1!, so thatTn8 gives,
in any case, an upper limit on the true noise temperatureTn .

The best linear fit on experimental data in Fig. 3 giv
Tn85(7.761.5)31026 K1(6.361.0)31026 T. The inter-
cept corresponds to~95620! quanta and is probably relate
to a 1/f contribution. This hypothesis is difficult to check
becauseSvv is measured only at the fixed frequencyv0 , but
can be supported by the estimation of the low-frequen
component of Sii , since the approximate relatione
'kbTn8/v0 is expected from CTG theory. We find indeed th
1/f noise does not depend substantially on temperature
that its contribution toe at v5v0 is ~4068! \, thus of the
same order of magnitude of the measured intercept in Fig
The contribution toTn8 of the room-temperature electronic
which is also temperature independent, is estimated to
smaller by more than one order of magnitude. Regarding
slope of the linear fit in Fig. 3, it is higher than the valu
predicted by Eq.~2! by a factor 2. This level of agreemen
between CTG theory and experiment is typical,7 so we be-
lieve the device to be rather close to its intrinsic noise.

Finally, we remark that the minimum measured upp
limit on the noise temperature, obtained at 1.5 K, isTn8516
mK. It corresponds to a minimum detectable energy of,
most, 200 quanta in a resonant GW detector operating in
range of frequency around 1 kHz.

The authors wish to thank Quantum Design for prov
ing the SQUID chips. This work was supported in part
Grant No. 9902193538 MURST-COFIN ’99.
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