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Thermal noise in a high Q ultracryogenic resonator
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A high Q electrical resonator based on a superconducting coil and a low loss capacitor has been
realized and characterized at temperatures down to 60 mK. The resonance frequency is near 10 kHz,
and the quality factor is higher than®L@’he main purpose of the experiment is to test the feasibility

of cooling to ultracryogenic temperatures the readout of the gravitational wave detector AURIGA,
which is based on a higl) resonant electrical matching network. The resonator current noise,
measured by a superconducting quantum interference device amplifier, scales with temperature in
the full range 60 mK—-4.2 K, showing that the system is thermal noise limited and its dissipating
elements are well thermalized. Some implications of these results and possible applications are
discussed®© 2005 American Institute of PhysickDOI: 10.1063/1.1947927

I. INTRODUCTION tor will be cooled to~100 mK, a further improvement of
sensitivity by more than one order of magnitude is expetted,
Electrical inductance-capacitan¢eC) resonators oper- provided that the fundamental noise sources in the detector
ating in the kHz frequency range with quality factors up toreadout scale with temperature.
10° have been reported in literatur@ These resonators are In particular, one must assume that the noise generated
basically composed of low loss capacitors and superconducia the electrical mode is dominated by the thermal noise even
ing coils enclosed in superconducting shields. Both dissipaat temperatures as low as 100 mK, and that the temperature
tion and noise have been well characterized at liquid heliunof the dissipating elements effectively scales with the detec-
temperature(1.2—4.2 K2 Practical applications of such tor operating temperature. In principle these conditions can
resonators include the characterization of the dynamic inpube obtained if all possible excess noise sources are kept neg-
impedance or the back action noise of superconducting quattigible and if the time required for the thermalization is rea-
tum interference devicéSQUID) amplifiers °and low noise  sonably short with respect to the time scale of the experi-
field effect transistofFET) amplifiers’ ment. Up to now, however, no experimental demonstration
Recently it has been recognized that tuning a h@h that these requirements are achievable has been reported. In
electrical resonant mode to the mechanical modes of a resthis article we present a characterization of a hgklectri-
nant gravitational wave detectdf,which typically operates cal resonator at ultracryogenic temperature. We present and
at about 1 kHz, leads to a significant increase of the detectaliscuss measurements of both noise and quality factor
bandwidth and sensitivity, provided that two requirementsperformed on the resonator in the temperature range
are fulfilled: the quality factor of the tuned electrical mode 60 mK—-4.2 K. In the final section we discuss the implica-
must be at least of the same order as that of the mechanictibns of the experimental results for the future sensitivity of
modes(=10°), and its noise must be dominated by thermalthe AURIGA detector and other possible applications of the
noise. These conditions have been achieved in the new eletgsonator.
tromechanical readout of the AURIGA detector, which is
currently operating in a long term run at liquid helium !l. THEORETICAL MODEL
temperature” The detector bandwidth has been increased  The electrical circuit model is shown in Fig. 1. Since the

with respect to the previous experimental setup from 1 tqnode| has already been discuséade recall here only the
about 26 Hz, in good agreement with pred_|ct|8nand_ a8 main features. Th&C resonator is modeled by lumped in-
record effective temperaturBy=320 4K, that is the mini-  gyctance and capacitanteand C. A lumped resistor ac-

mum detectable energy change expressed in temperature, hagnts for the resonator dissipation and for the thermal volt-
been reached. In the next experimental run, when the detegye nojise sourcw,, with power spectral densitykgTr. A
voltage noise sourc®,,. with power spectral densitf.,.
dauthor to whom correspondence should be addressed: electronic maiiCcounts for other excess noise sources acting on the resona-
vinante@science.unitn.it tor. Possible excess noise mechanisms include vibrations of
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FIG. 1. Electrical circuit model of theC resonator coupled to the SQUID
amplifier, with the noise sources acting on the resonator.
Two-stage SQUID
the coil in the residual dc magnetic field trapped in the su-
perconducting shields, fluctuating ac magnetic fields pen-
etrating the shields and flux jumps in the shields.

The current flowing in the circuit is measured by a dc

Superconducting
____—box

SQUID amplifier inductively coupled to theC circuit by Superconducting
H H H H - separators

means of a_weakly coupled pickup coil Wlt_h inductarige r—

and mutual inductance to the resonator d¢dil The SQUID Capacitors

with its readout electronics is modeled as a current amplifier DDB

with input coil inductancd; and current to voltage gaiA
=M;V,, whereM; is the mutual inductance between SQUID | | L0ISecH6E

loop and input coil and/,, is the flux to output voltage gain. PO _|— e
We can define an overall gain facté=AM/(L;+L,), which E E

converts the coil current into the SQUID output voltage E E

Vour The factorM/(L;+Lp) is the current gain factor of the

pickup circuit and can be interpreted as an effective coupling i F -

betweenLC resonator and SQUID. Its experimental value | —

has been chosen high enough to resolve ltReresonator _ .

noise peak from the additive white noise floor of the SQUID FIG. 2. Sketch of the experimental apparatus. For the sake of clarity some

.. . 'features have been simplified. In particular, the threaded rings for the box

but small enough to keep negligible any back action effect 0rea) are not shown and the number of coil sectors has been reduced.

the resonator. In particular, we will neglect the SQUID back

action noise:® the SQUID dynamic input impedanéeand

the reduction of the inductangedue to the shielding effect the indium seal, which requires space for flanges and bolt

of the pickup circuit. _ _pattern, the grease thread seal requires less extra space on the
Under these conditions the dynamics of the system ig,ox diameter. The seal is realized using two threaded rings.

that of a simple resonator with quality factor and resonancgype of them, made of stainless steel 310, is threaded exter-

frequency nally and glued with stycast epoxy on the box cover. The
1 other, made of a high strength aluminum all@umold, is
Vo= 2mLC’ (1) threaded internally and glued with stycast epoxy on the top

of the cylindrical box. The thread pitch is 0.5 mm, the diam-
eter 66 mm and the total number of turns 15. Materials of the
(2)  two rings have been chosen because they are machinable and
nonmagnetic, and such that sealing is tightened from differ-
The power spectral density of the resonator current noise hasntial thermal contraction during the cooldown from room
a Lorentzian shape and its integration over frequency yieldsemperature to low temperature. Moreover, using different

the mean square current noise materials for the two rings decreases the probability of sei-
. keT Q zure. For the seal we used Dow Corning silicon vacuum
(iH=—"—+ 5Sexd Vo) - (3)  grease because other nonsilicon products such as Apiezon
L 8wl greases tend to fragment at low temperature.
The first term on the right side of Eq3) represents the Two separators divide the internal space of the box into
thermal noise, while the second term is the contribution ofthree sectors which house, respectively, from the bottom to
the excess voltage noise. the top, the coil, the capacitors and the SQUID. The box and

the two separators are electroplated with a4f-thick Pb

40% Sn coatind® with the exception of the upper part of the

box near the threaded seal. This superconducting coating has
A sketch of the experimental probe is shown in Fig. 2.the function of shielding the resonator, in particular the caoill,

The LC resonator and the SQUID amplifier are housed in a@rom the ambient magnetic field and to avoid eddy current

cylindrical copper box. The box and its top cover, also madalissipation induced by the coil magnetic field, which would

of copper, are vacuum tight and assembled with a greasetherwise spoil the resonator quality factor.

thread seal. The top cover of the box is attached to the mix- TheLC resonator is composed of a low loss capacitance

ing chamber of a dilution refrigerator unit. With respect to and a superconducting coil. The capacitance is made by five

IIl. EXPERIMENTAL APPARATUS
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commercial Teflon capacittfr?sconnected in parallel, each separate calibration run where the capacitor was discon-
with nominal capacitance 4.7 nF, for a total measured roonmected and a known current was injected into the coil. Know-
temperature capacitanc€=23.5 nF. The low dissipation ing A and K, the current gain factor of the pickup circuit
coil is made by winding a formvar insulated gén-diam  M/(L;+L,)=(1.18+0.02 X 1072 has been calculated. On the
NbTi wire (100 um total diam) onto a cylindrical polyvinil  basis of our past experiericewe can estimate that, with
chloride (PVC) holder. The coil holder, with 69 mm length such a small pickup gain factor, the contribution of the
and 20 mm external diameter, is divided into ten sectorssQuUID back action noise t62) and the effect of the SQUID
each 5 mm long. The coil is wound sequentially on eachyynamic input impedance o@ are largely negligible. The
sector, three layers per sector, for a total number of 137faqyction of the inductance due to the shielding effect of

turns. The estimated inductance of the coiIL?s 10.7mH  he pickup circuit is negligible, too, so that we can apply the
and the expected.C resonance frequency is 10037 Hz. simple model described in Sec. II.

Working at 10 kHz instead of 1 kHz allows @ more compact g refrigerator unit is a commercial continuous cycle
experimental probe. Moreover, the vibrational noise aBye_4He dilution refrigeratol® with nominal cooling power

10 kHz is much lower. Winding by sectors reduces the stray¢ 100 4W at 110 mK and a nominal unloaded base tem-
capacitance of the coil, which is formed between nearby lay-

Th tributi f the st it f1h it erature of 18 mK. The resonator box is rigidly attached to
ers. the contribution of the stray capacitance ot the Coll 19y, 1,,om of the refrigerator mixing chamber. The tempera-
the overall dissipation, expressed by the inverse of the qual

ity factor, is given by ure of the probe is monitored by a calibrated germanium
' thermometer put on the box cover. With the probe attached to
1 C, the mixing chamber the minimum measured temperature was
aL = 5LC +C.’ 4 about 60 mK. A heater placed on the mixing chamber allows
changing the probe temperature in the range 60—500 mK.
whereC, and é, are the stray capacitance of the coil and theHigher temperatures are obtained by circulating cig or
loss angle of the dielectric interposed between two nearbyyg iy the refrigerator. Wiring from room temperature is pro-
!ayers, which i§ basically constituted by the wire coating. 'tgressively cooled by means of heat sink copper bobbins ther-
is thus convenient to reduce as much as possibleor use a1y anchored on the three main stages of the dilution re-
coating with loss angle better than that of formvar, which hasfrigerator(l K pot, still and mixing chambgrWiring for the

b?e” measured of the order of<£_i(T4 ‘_”‘tT:.A"Z K" A coil SQUIDs and the excitation coil enter the box through special
with total lengtht \{vound ontoNs |dept|cal pll'ed sgctors can cryogenic vacuum feedthroughs. Before attaching the probe
2/e’\:oughlyhappro?<lmateolllbly thtehs_etzrleé\tgccills with 'e”%th to the refrigerator, exchange helium gas for the thermal sink

s €ach one In parallel With 1s own stray capaci ance.Rf SQUID and resonator is introduced in the probe by means

The stray capacitance of each sector scales with the lengt . :
so it is equal taC,/Ns, whereC, is the stray capacitance of of a threaded sealing valve. As exchange gas we used either
s ¢ 0.8 atm of°He or 1 atm of*He at room temperature.

an equivalent single sector coil of lengthAs, in the mul-
tisector configuration, the capacitances of the sectors appear

connected in series, the overall stray capacitance of the coil

is expected to b€€/N§. Thus winding by sectors allows one

to obtain very smal! strf':\y capacﬂapce anq, accor'dlng to Eqvl MEASUREMENT METHODS
(4), very small dissipation, even without interposing Teflon

layers between the coil layers to reduce the formvar dissipa- To measure the quality fact® and the resonance fre-
tion, as described in a previous artiélén particular, for the N Y

coil described in this article we estimaiz =~ 10 pF, leading quency o, the r_esgnat_or 'S f|_rst excited and then Iet_ fre_e to
t0 1/Q,_~10". decay. The excitation is provided by a monochromatic signal

sent to the excitation coil, with frequenay, near the ex-

wound onto the coil holder in order to excite th€ resona- pected resonance frequen%{ Thg SQUID output signal is
tor by means of an external signal. then sent to a lock-in amplifier with reference frequengy

The SQUID amplifier is a two-stage SQUID based Onand the lock-in output magnitude and phase are sampled. The
modified commercial chips, operated in closed loop model€ference frequencyy is then finely tuned tovo within
Details on this system can be found elsewlef&The input 1 MHZ in order to minimize the phase shift rate, which is
coil inductance and its mutual inductance with the SQUIDProportional to(r- ). Subsequently the resonator is ex-
loop were separately measuregs(1.66+0.02 xH and M; cited again andy, is evaluated from a linear fit of the
=(10.7+0.2 nH. The flux to voltage gain of the SQUID Sampled phases versus time. The quality factaQ#smyoT
operated in closed loop mode was measured \gs where r is the decay time constant evaluated from an expo-
=0.151 V/¢, at 10 kHz, and the SQUID current to voltage nential fit of the sampled magnitude versus time.

An auxiliary 20-mm-diam NbTi single turn coil is

gain is thusA:Mivd,:(?.StO.])xlOF’ V/A. The SQUID To measure the mean square current ndide of the
flux noise isS,,=1.5X 10712 ¢§/Hz atT=4.2 K and scales unperturbed resonator we need to distinguish the narrowband
with temperature down td =200 mK. process related to the resonator current from the white noise

The pickup coil is a~3-mm-diam single loop of NbTi process related to the SQUID additive noise. To do this the
wire attached to the coil holder. The overall gain fackor SQUID output voltage is filtered by a lock-in amplifier with
=AM/(Li+Lp)=(9.2£0.9 X 10° V/A was measured in a referencer, and lock-in time constant, in such way that
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FIG. 3. Mean square current noig¥) of the unperturbed resonator as F|G. 4. Resonator dissipation, expressed by the inverse of the quality factor
function of the temperatur€ of the experimental probe, using botHe and  1/Q as function of 17. The straight line is a linear fit to the data.

“He as exchange gas. The error bar size is of the order of the point size. The

predicted thermal noisks;T/L is represented by the straight line.

strates that the measured resonator noise is in good agree-
o= | < —. (5)  ment with the predicted thermal noise over the full tempera-
Tik ture range 60 mK—-4.2 K, apart from a small excess noise at
Typically we setr, =3 s. The lock-in square magnitud®  SOme temperature points. In particular,Tat60 mK we ob-
=X2+Y2, where X and Y are the two lock-in quadrature S€rve a significant excess noise equivalent to abd@% of
order of . The expected distribution of the stochastic vari-Yet reached the thermal equilibrium, but the excess noise is
able R? is exponential, provided that andY are Gaussian, More likely to be related to external disturbances, since no

and its mean value under the assumpiiBnis given by special care has been taken to attenuate vibrational noise. In
the near future we plan to improve the shielding of the reso-
<R2>=<R«%/b>+ K2(i2) T _ (6) nator from dc magnetic fields in order to reduce the pickup
T of vibrational noise.
The first term on the right side of Eq6) is the residual The observation of the thermal noise in the resonator

contribution of the SQUID wideband noise within the Proves that the dissipating elements are still essentially in
lock-in integration bandwidth while the second term is thethermal equilibrium with the bath even below 100 mK. On
resonator contribution corrected by the lock-in filtering. ~ this basis we are entitled to expect the same behavior to be

To determine(R?) a histogramN(R?) is built, after at followed by the electrical readout of the AURIGA detector

least 1000 samples are collected. A weighted exponential fi¥Nen operated at ultracryogenic temperaﬁnle.must be
of the histogram, with errors given /2, is then performed noted, however, that the tuned highelectrical network in-
with the expected exponential distribution tegrated in the AURIGA detector differs from the resonator

described in this article in several points. In particular, in
N(R) =N exp(—i> @) AURIGA the main capacitance is given by a capacitive
0 (R?) transducer and the coil inductance must be about two orders

and(R?) is extracted as fitting parameter. The residual wide-Of magnitude larger in order to tune the resonance frequency

band noise contributionRﬁ,k) is measured by repeating the to abo_tut 1 kg?' The trtagstduger IS lbasmally”a ""’t“?g“{?"'g?p
same procedure with the samgwell out of resonance, with capacitor, and IS expected to give only a small contribution 1o

the lock-in reference frequency shifted tg = ,+30 Hz. the to_tal d.|ss!pat|on. Regarding the coil, a longer thermallzg—
; > tion time is likely to be expected because of the larger di-
Typically (R2,) was less than 10% d¢R?). ) . :
oo mension. However, this should not be a problem given the
The mean square resonator current ndigg is finally . .
evaluated by inverting Eq(6) long operation time of the detector, of the order of several
' months. Finally, at 1 kHz the vibrational isolation of the
resonator is much more difficult, but this task is already ac-
complished on the AURIGA detector by a high attenuation
The resonance frequency of the resonator has been mesuspension systeffiwhich is not used here.
sured asyy=10025 Hz, quite close to the value calculated  Regarding the quality factor of the resonator, we have
from the estimated values @fandC. The quality factor, of observed a rather unexpected dependance on temperature.
order 16, has shown a substantial dependance on temperd&igure 4 shows the measured dissipation expressed @y 1/
ture. We will discuss this secondary effect later. as function of the inverse of temperatureT1/The evident
The measurements of the resonator current nde increase of 1Q at low temperature points to some kind of
using both®*He and“He as exchange gas, are presented irdissipation which grows roughly as T/In order to under-
Fig. 3. For each acquisition we have checked througit a stand the origin of this unexpected behavior, which has not
test the consistency of the experimerfRldistribution with  been pointed out in a previous wotkwe have performed
the predicted one expressed by E@). Figure 3 demon- further quality factor measurements with a different resona-

V. EXPERIMENTAL RESULTS AND DISCUSSION
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tor setup. For this purpose the resonator has been houseddevice is not available at present but a SQUID approaching
the same experimental probe described by Bonetdal,>  the quantum limit at higher frequency has been repditénl.
which allows quicker tests with less liquid helium consump-more general terms, one can observe the quantum limitations
tion in the temperature range 1.3—4.2 K. We have found thabn the sensitivity of a linear measuring apparatus coupled to
the temperature dependent dissipation is still present, antthe resonator if the quality factor is at ledst
does not change significantly by using different coils with
the same inductance or placing in parallel to the resonatoran Q= B 9
additional ~200 pF formvar capacitance to simulate an in- hro
creased coil stray capacitance. This rules out the losses in thr our resonator af=60 mK the condition(9) is satisfied.
coil, in particular those related with the coil stray capaci-A quantum limited amplifier could permit one to detect
tance. Different behaviors are instead observed by changinchanges of the resonator state as small as one single quan-
the capacitor. In particular, the capacitors used by Boredldi tum, using well known techniques developed in the field of
al® lead to a quality factor nearly independent of tempera-gravitational wave detectioff. Furthermore, application of
ture, as was reported. Given these results, in the near futumld damping techniquécould permit cooling the macro-
we plan to use homemade vacuum-gap capacitors, whicbcopic degree of freedom of theC resonator down the
should both improve the quality factor, because of reducedjuantum level, as has already been proposed for nanome-
dielectric losses! and give further indication on the origin chanical resonators.
of the temperature dependent dissipation.
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