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Superconducting quantum interference device as a near-quantum-limited
amplifier at 0.5 GHz
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A dc superconducting quantum interference device~SQUID! with a resonant microstrip input is
operated as an amplifier at temperatures down to 20 mK. A second SQUID is used as a
postamplifier. Below about 100 mK, the noise temperature is 52620 mK at 538 MHz, estimated
from measurements of signal-to-noise ratio, and 47610 mK at 519 MHz, estimated from the noise
generated by a resonant circuit coupled to the input. The quantum-limited noise temperatures are 26
and 25 mK, respectively. The measured noise temperature is limited by hot electrons generated by
the bias current. ©2001 American Institute of Physics.@DOI: 10.1063/1.1347384#
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At submillimeter or shorter wavelengths, a wide varie
of detectors of electromagnetic radiation are quantum l
ited, that is, able to detect a single photon.1 There have re-
cently been advances in this technology using, for exam
superconducting transition-edge sensors for infrared, opt
and ultraviolet wavelengths,2 and a single-electron transisto
involving a semiconductor quantum dot for far infrare
wavelengths.3 Quantum-limited performance has be
achieved at frequencies as low as 20 GHz, with a Joseph
parametric amplifier.4 At still lower frequencies, it become
increasingly difficult to approach the quantum limit. For e
ample, at frequenciesf around 1 GHz, the lowest noise
achieved with a cooled heterostructure field effect transis5

~HFET!, which can attain a noise temperatureTN of about 2
K. At 0.5 GHz, this value is about a factor of 80 above t
quantum noise temperature,TQ5h f /kB'25 mK.

The recent development of an amplifier based on a
crostrip coupled to a dc superconducting quantum inter
ence device~SQUID!6–8 has resulted in noise temperatur
that are substantially lower than those achievable w
cooled semiconductors. A microstrip SQUID amplifi
cooled to about 0.5 K achieved asystemnoise temperature o
0.5060.07 K at 438 MHz. This noise temperature was dom
nated by the noise of the postamplifier—a cooled HFET
coupled to the SQUID, which contributed an estimat
0.3860.07 K to the system noise temperature. In this le
we describe an amplifier cooled to 20 mK in which the po
tamplifier is a second microstrip SQUID.7 The noise tem-
perature of the first stage microstrip SQUID is about 50 m
by comparison, the quantum-limited noise temperature
about 25 mK. The noise temperature is limited by hot el
trons in the resistive shunts of the SQUID, which cause
effective temperature of the shunts to saturate at about
mK.

The SQUID is in the conventional square wash
configuration9 shown in Fig. 2. The inner and outer dime
sions of the Nb washer are 0.230.2 mm2 and 131 mm2,
giving an estimated inductanceL'450 pH ~including the
slit!. The 11-turn niobium coil has a width of 5mm, an
estimated self-inductanceLi'n2L'55 nH, and a mutual in-
ductance to the washerMi'nL'5 nH. Each of the
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Nb–AlxOy– Nb tunnel junctions has a critical currentI 0

'3.5mA, so that bL[2LI 0 /F0'2.5; here F0[h/2e
'2.07310215Wb is the flux quantum. Each shunt has
resistance R'22V, and the hysteresis parameterbc

[2pI 0R2C/F0 is estimated to be about 0.8. At 4.2 K and
frequencies of a few kilohertz, the flux-to-voltage trans
coefficientVF5u]V/]Fu*90mV/F0 , and the flux noise is
about 3mF0 Hz1/2.

The microstrip SQUID is operated as an amplifier w
the counterelectrode grounded~inset, Fig. 2!. The signal
source is connected between the innermost turn of the
and ground, and the amplified signal is measured betw
the washer and ground. In this configuration, positive fe
back from the output to the input via the capacitance
tween the coil and the washer increases the frequenc
which the maximum gain occurs.6 We measured the nois
temperature of a microstrip SQUID amplifier in a dilutio
refrigerator, using a second nominally identical device a
postamplifier~Fig. 1!. A low pass filter network prevented
the two SQUIDs from interacting with each other. Th
SQUID chips were attached with vacuum grease to a prin
circuit board which was bonded to the cold stage of the
frigerator. All leads connected directly to the SQUIDs we
very heavily filtered over a wide frequency range using
combination of lumped circuit and copper powder filters, a
a superconducting shield surrounding the SQUIDs elim
nated ambient magnetic field fluctuations. With its curre
and flux biases adjusted to maximizeVF at low frequencies,
the gain of the first SQUID peaked at 538 MHz. The curre
and flux biases of the second SQUID were adjusted slig

FIG. 1. Schematic of cascaded microstrip SQUIDs and HFET. The in
circuit consists of either a resistive network~lower! or a resonant circuit
~upper!.
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to maximize its gain at the same frequency. The overall g
of the two SQUIDs was 3061 dB and 3261 dB at 4.2 K and
100 mK, respectively. A third stage of amplification w
provided by an HFET~Fujitsu FXH 13 LG! with a resonant
input circuit, cooled to 4.2 K and connected to the SQU
postamplifier via a cryogenic cable with a loss of 6 dB.
550 MHz, the gain of the HFET was 2261 dB, and its noise
temperatureTp about 6 K. At the lowest temperatures, th
cable loss reduced the effective gainG of the two SQUIDs to
2661 dB so that the HFET contributed a noise temperat
Tp /G'15 mK referred to the input of the first SQUID.

We measured the noise temperature of the input mic
trip SQUID amplifier in two different ways. In the firs
method~Fig. 1, lower input circuit! the input was coupled to
a calibrated attenuator. In a separate experiment, to calib
the system excluding the two SQUIDs, we disconnec
them and measured the gain of the system with the attenu
coupled to the input of the cryogenic cable. By remeasur
the system gain with the SQUIDs restored, we determi
their gain to61 dB. To determine the noise temperature,
applied a2134 dBm, 538 MHz signal to the input of th
attenuator, and used a spectrum analyzer to measure the
of the signal power delivered to the attenuator
@2h f coth(hf/2kBT)14kBTN14kBTp /G#. The inferred val-
ues ofTN are plotted in Fig. 2. The61 dB error bars are
largely due to systematic errors in measuring the losse
the input coaxial cable and attenuator and in calibrating
spectrum analyzer. To within the scatter of the data,TN

scales asT for T&150 mK and flattens out at lower temper
tures to a value~averaged overT,100 mK! of 52620 mK.
The quantum-limited noise temperature isTQ5h f /kB

'26 mK.
In the second method, we measured the noise gener

by an inductor–capacitor~LC!-resonant circuit consisting o
a 1 pF capacitor and a four-turn Cu coil, about 4 mm
diameter, inductively coupled to the input of the microst
via a loop of wire~Fig. 1, upper input circuit!. In separate
experiments at 4.2 K, we connected the loop to a 50V cable,
and adjusted the distance between the coil and the loo
produce a 3.5 dB coupling loss: this reduces theQ of the LC
circuit by a factor of about two. A second loop, with a co
pling loss of about 15 dB to the tuned circuit, was connec
to a signal generator via a cold 30 dB attenuator and a st

FIG. 2. Noise temperature of input microstrip SQUID at 538 MHz vs te
perature measured with a resistive source. The dashed line through the
corresponds toTN}T, and the horizontal dashed line indicatesTQ5h f /kB

'26 mK. Inset shows configuration of microstrip SQUID with ground
counter electrode.
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less steel coaxial cable with a loss of 26 dB to enable u
determine the gain andQ of the system. The loadedQ of the
LC circuit was about 510 at 4.2 K, and did not change n
ticeably with temperature. During the measurement, we
plied a small~about2140 dBm! signal to the LC circuit, via
the coupling loop, at a frequency about 2 MHz above its 5
MHz resonant frequency. We used this signal to optimize
bias currents and fluxes of the two SQUIDs first for ma
mum gain and subsequently for optimum signal-to-noise
tio. We also monitored the peak throughout the measu
ments to verify that the gain did not drift. We measured t
height of the noise peak produced by the LC circuit; an
ample is shown inset in Fig. 3. This peak contains contri
tions from the Nyquist noise of the resonant circuit and fro
the system noise of the amplifier. On resonance, since
input impedanceZ0 of the microstrip SQUID amplifier re-
duces theQ of the resonant circuit to approximately one ha
of its unloaded value, the source impedance presented to
microstrip is roughly equal toZ0 . In separate experiments
we found that the noise power of the SQUID was essenti
unchanged when we varied the source impedance from 2
330 V, so that to a first approximation we can neglect t
variation in noise power with source impedance. Thus,
can characterize the effective temperature on resonanc
@(h f /2kB)coth(hf/2kBT)1TN1Tp /G# and off resonance a
TN1Tp /G. We infer TN from the measured height of th
peak and the values ofT andTp /G. In Fig. 3 we plotTN vs
T. The error bars are determined solely by the uncertaint
the spectrum analyzer measurement, and are there
smaller than in Fig. 2. We see thatTN scales asT above
about 150 mK, and flattens off at temperatures below ab
70 mK to 47610 mK; by comparison,TQ'25 mK.

A potential source of the low-temperature saturation
TN is hot electrons produced in the resistive shunts by b
current heating. Wellstoodet al.10 obtained remarkably simi-
lar results for noise measured at frequencies below abou
kHz in SQUIDs cooled to around 20 mK, and found go
agreement with a model in which the temperature of
electrons is determined by their coupling to the phonons.
investigate whether hot electrons were indeed responsible
the saturation in Figs. 2 and 3, we remeasured the nois

-
ataFIG. 3. Noise temperature of input microstrip SQUID at 519 MHz vs te
perature measured with a resonant source. The dashed line through th
corresponds toTN}T, and the dot-dashed line indicatesTQ5h f /kB

'25 mK. Inset is noise peak produced by LC-tuned circuit at 20 mK. T
upward trend of the baseline reflects the fact that the peak in the amp
gain is at a higher frequency. The peak at 520.4 MHz is a calibrating sig
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the same SQUID at 140 kHz, whereTQ,10mK. For this
experiment, we coupled the output of the first SQUID to t
two ends of the input coil of a second SQUID, via a sup
conducting transformer with a current gain of about 3. T
output of the second SQUID was coupled to a roo
temperature amplifier with a noise temperature of about 3
We applied a small 140 kHz signal to a coil beneath the fi
SQUID and adjusted the current and flux biases of b
SQUIDs for optimum signal-to-noise ratio. Figure 4 sho
the noise energy of the input SQUID,SF(140 kHz)/2L vs T.
This noise energy scales with temperature above about
mK, and levels off to a constant value of 1.260.2 h at lower
temperatures. The similarity of this behavior to that shown
Figs. 2 and 3 provides strong evidence that the lo
temperature saturation ofTN arises from hot electrons.

In conclusion, we have used two methods to obtain
average noise temperature for a microstrip SQUID ampli
of 50610 mK at about 0.5 GHz; by comparison,TQ

'25 mK. This noise temperature is about 40 times low
than that achievable by cooled semiconductor amplifiers.
low about 100 mK the noise temperature was limited by
electrons. Since Wellstoodet al.10 were able to reduce th
temperature of the electrons in the shunts of their SQU
by a factor of 2–3 at a bath temperature of 20 mK by add
a thin-film cooling fin, a similar modification of the micros
trip SQUID will likely reduce the noise temperature signi

FIG. 4. Noise energySF(140 kHz)/2L of input microstrip SQUID vs tem-
perature. The dashed line through the data corresponds toSF/2L}T.
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cantly. Development of the microstrip SQUID amplifier wa
spurred by the need for a much quieter amplifier on the c
ity axion detector installed at Lawrence Livermole Nation
Laboratory.11 Implementing this amplifier on an upgrade
detector may increase the rate at which one can scan a g
energy range by two orders of magnitude. Another appli
tion of the microstrip SQUID amplifier is as a postamplifi
for the rf single electron transistor,12 potentially enabling it
to attain quantum-limited performance. Finally, a very lo
noise amplifier in the gigahertz frequency range may be u
ful in reading out circuits exhibiting macroscopic quantu
coherence of flux.13,14
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