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Back action of a low noise dc SQUID
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Measurements are presented of the back action of a low noise commercial dc superconducting
quantum interference devi¢8QUID) on a strongly-coupled high-quality facto@é& 10°) electrical

LC resonator operating at audio frequendiesl kHz). The back-action effect, due to the voltage
noise of the SQUID current amplifier, is in good agreement with the predictions. The value of the
noise impedance of the SQUID coincides, within 5%, with its input coil inductance times the
angular frequency. €1998 American Institute of PhysidsS0003-695098)02750-9

The coupled dc superconducting quantum interferencelosed-loop operation. This class of experiments includes,
device(SQUID) [see Fig. 18] is usually treated as a current for example, the resonant gravitational wave detectors and
amplifier, whose input impedance is a small inductahge the NMR tuned radiofrequency amplifféor which, in order
~1 uH and whose noise is given by an input current noiseto obtain the noise matching between the SQUID and the
sourcel,. A widely used figure of merit for the SQUID in detector, knowledge of the characteristics of both noise
this configuration is its energy resolution per unit bandwidthsources is of fundamental importance.
referred to the input coile=SL; where S, is the double- The current noise measurement is easily realized by
sided spectral density of the noise soutge In literature =~ measuring the SQUID output voltage noise and by knowing
there are reports of SQUIDs coupled to an input coil withthe values of the mutual inductandé; between the input
energy resolution near the quantum limit demonstrating coil and SQUID loop and the SQUID flux-to-voltage gain.
that this device is the most sensitive low-frequency amplifier The expected valdeof the voltage noise spectral densgy
For that reason, SQUIDs are employed as first-stage amplis related to the current noise spectral densgyby S,
fiers in several fundamental physics experiments, eithe®(wL;)S. To our knowledge, all measurements §f
planned or in progress, including space-based gravitationdlave been performed on a dc SQUID fabricated with shunt
experiments, cryogenic resonant gravitational wave detect-resistances much less than optimum, so such noise is en-
ors3 and weakly interacting massive particle detecfors. ~ hanced by two orders of magnituién this letter we report

In the experiments in which the signal source impedancéhe voltage noise measurement of a low noise commercial dc
in the input circuit is resonant with a high quality factor, this SQUID’ realized by strongly coupling the SQUID to an elec-
simple model for the dc SQUID is not sufficient, with respecttrical resonator with a variable quality factffig. 1(a)].
to input impedance and noise sources, and a more general
model is needed. The dynamic input impedance can be mod-
eled as an inductance and a resistance in serieslwjtboth
depending on the flux applied to the SQUAIn closed-loop
operation, the impedance must be known, and possibly con-
trolled by means of a suitable feedback network in order to
avoid instabilities of the resonator—SQUID system. The ef-
fect of the input circuit on the SQUID output noise can be
treated by associating two partially correlated noise sources
with an ideal noise-free current amplifier: a current noise C=
source in parallel with the input port and a voltage noise
source in series with itFig. 1(b)]. The current noise is su-
perimposed on the input current signal and the voltage noise (b)
produces a driving forceback actiop on the signal source. FIG. 1. (8 The schematic circuit diagram of the SQUID coupled to the
Because a correctly applied negative feedback does n@dsonator with variable quality factor an@) its circuit model; the dc

change the signal-to-noise ratio, this model remains valid foFQUID is represented by a noisy current amplifier and the real part of its
dynamic input impedance by the “cold” resistancg. The manufacturer
SQUID specifications ark;=1.88uH and M;=11 nH; M=0.56 mH and
¥Electronic mail: falferi@alpha.science.unitn.it L=1.8uH.
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In Fig. 1(b), in addition to the current and voltage noise
sourced , andV,,, which are assumed to be uncorrelat®d,
we include a voltage thermal noise soukég, with spectral
density XgT(r+r,), associated with resonator losses. The
voltage noise sourc¥, (spectral densitySs), accounting
for any magnetic field flux noise picked up by the coil, is the
more probable spurious noise source; this may be due to the = 4

2

ambient flux noise which reaches the coil or to the vibrations
of the coil with respect to the magnetic field trapped within

its superconducting housing. The input impedance of the dc 0 I I I e .6

SQUID is represented by a pure inductahge the effect of 0 210" 410 Gxéo 8x107 1x1071.2x10

the real part of the dynamic input impedance is represented i

by a positive or negative resistancg,, which adds to the FiG. 2. The peak noise variance at 1476 Hz, expressed as equivalent tem-
resistances andr, . In the modelr g, affects the resonator peratureT, vs the resonator intrinsic quality fact@; .

quality factor without adding any noise, that is, it realizes

so-called cold damping. For the purpose of this measuret-ion to the SQUID output noise variance and, then, to use Eq.

ment, the imaginary part of the impedance has a negllglbl%) for the noise analysis. The SQUID output is sent to a

effect. The noise power spectrum of the SQUID output ca X o
be roughly described by the sum of a broadband noise, dué)Ck"n amplifier tuned on the resonator resonance frequency

toS;, and a(Lorentzian shapepeak noise which rises above so that it operates as a bandpass filter. The lock-in time con-
the t;roadband noise by up to ten orders of magnitude. Foﬁtant(0.1—0.3 3is adjusted to give an equivalent bandwidth

lowing the model, it is possible to compute the variance ofWIde enough to contain the _re_sonator noise bandw!dth but
the peak noise of the SQUID output, which is the sum ofnarrow enough to make negligible the broadband noise con-

three contributions: the first is due to the thermal noise of thénbunotn. The tWOt Io%k-m pr:_asex,j anddYn tarE sampled
resonator losses, the second to the flux noise picked up b Very two resonator decay times in order o have uncorre-

the coil, and the third to the SQUID voltage noise: I .ted data sets2 andz, frogn the exponen_tial wei.ghted fit of. the
histogram ofR;;=X;+ Y}, the peak noise variance and its
, Qa error are estimated. The variance measurement is repeated at
Tou= . (MTRG)? differentQ;, that is, at different dissipator positions.
' To deriveS, from the peak noise variance it is necessary
kgT S, Sy ([ M \2 to knowQ,, wq, Q;, MTRG, andL,. The measurement of
X |__r+Qi m+ 2w, (E) ' (1) Q. and wg is carried out by analyzing the magnitude and

phase data measured by a lock-in tuned, approximately, on

whereL,=L;+L, the transformer ratidg=M,/L,, the in-  wg during a resonator free decay. The intrinsic quality factor
ductance of the coil reduced by the coupling to the SQUIDQ); is evaluated from the calibration cur@ versus the dis-
L,=L—M?L,, the resonance angular frequenay, sipator position realized, by measuring the resonator quality
=27mvo=(L,C) 2 the intrinsic quality factor Q; factors with a SQUID so weakly coupled that it negligibly
=wgl,/(r+r,), the measured quality factor, which is de- affects the intrinsic quality factor. For a detailed description
termined also by the SQUID dynamic input impedan@g, of this measurement method, see Ref. 13. To measure
=gl /(r+r,+rs), andG is the flux-to-voltage gain of MTgG, a calibration run is performed, in which a small
the SQUID. The factorNI TgG)? transforms the coil current known current is injected in the cditlisconnected from the
noise to the output voltage noise of the SQUID and can beapacitors and the SQUID response is measured. During
estimated with a calibration measurement. Given the resahis same run we measured also the low-temperature value of
nance frequency and coupling, it is possible to distinguishthe capacitance; from this and the resonance frequency the
between the thermal noise and the sum of the other two noiseductancel, of the coil coupled to the SQUID has been
contributions by varying the intrinsic quality factor of the evaluated.
resonator and measuring the peak noise, as described in de- All the noise measurements at differépt and the mea-
tail below. surements for the determination of the cu@g versus the

The resonator is based on a low-loss, low-stray-dissipator position have been performed for the two resona-
capacitance superconducting ébilvith inductance(in its  tor resonance frequencies, 1032 and 1476 Hz.
superconducting housingd.=0.554+0.005 H. In order to Figure 2 shows the peak noise variance at 1476 Hz, ex-
change the operation frequency, two different Teflon capacipressed as equivalent temperatur. = af,ut(Qi 1Q,)
tors (51.9 and 25.4 nFwere used. The resonator and the X (1/MTgG)?(L, /kg), as a function of the intrinsic quality
SQUID are housed in separated superconducting shieldinfactor. As expected from the modgEqg. (1)], the data are
cases and the resonaf@r can be reduced, from a maximum well described by a straight line whose ze@® intercept
value of 1.2 million to 20 000, by progressively inserting in (4.1+ 0.1 K) is compatible, within the error, with the tem-
the coil, by means of a room-temperature motionperature(4.19 K) measured by a calibrated thermometer lo-
feedthrough, a small copper cylinder 15 mm in length and Zated near the SQUID sensor. The same equivalent tempera-
mm in diameter(the dissipator, located in a PVC rod? ture value, although less precise (£.2.2 K), is found with

The measurement method permits, by means of a suif linear fit of the data taken at 1032 Hz. This means that the

able filtering, to make negligible thig, broadband contribu- “cold damping” hypothesis is verified, that all the dissipa-
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tive elements of the resonator which contribute to determinalso in the case that the SQUID output broadband noise is
ing theQ; are well thermalized and that the calibration mea-dominated by the electroni¢preamp contribution; for the
surements, carried out to estimaMTgG and L,, are SQUID we have tested=S,/w?L;= (1850 150): at 4.2
accurate. From the slopes of the linear fits of the equivaleni.
temperatures as functions @f , it is possible to evaluate the

values ofS, at the two operation frequencies only by assum-  1he authors wish to thank R. Dolesi and R. Mezzena for
ing that all noise in excess of thermal noise is due to thdn@ny helpful discussions and assistance during the experi-
SQUID back action. This hypothesis is supported byment, M. Simmonds for the information and advice about the

measurement performed in the same frequency range with Quantum Design SQUID system, and F. Gottardi and P.
the same apparatus, but with a weaker coupling betweelflanfredi for their skilled technical help.
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