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Quantum Microwave Radiometry with a Superconducting Qubit
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The interaction of photons and coherent quantum systems can be employed to detect electromagnetic
radiation with remarkable sensitivity. We introduce a quantum radiometer based on the photon-induced
dephasing process of a superconducting qubit for sensing microwave radiation at the subunit photon level.
Using this radiometer, we demonstrate the radiative cooling of a 1 K microwave resonator and measure its
mode temperature with an uncertainty ~0.01 K. We thus develop a precise tool for studying the
thermodynamics of quantum microwave circuits, which provides new solutions for calibrating hybrid
quantum systems and detecting candidate particles for dark matter.
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Historically, radiometry experiments—measurements of
the intensity of radiation—revealed the first invisible
band of the electromagnetic spectrum [1], unveiled the law
of radiative energy transfer [2,3], provoked the genesis of
quantum theory [4,5], and provided the landmark
evidence for the Big Bang model of the Universe [6-8].
Contemporarily, a number of investigations in mesoscopic
[9] and particle physics [10] are demanding microwave
radiometry with single-photon sensitivity. In this Letter, we
present a quantum-limited radiometry protocol based on
the photon-induced dephasing of a superconducting qubit.
By converting a small photon population to qubit coher-
ence times, this mechanism is particularly suited for
detecting microwave radiation beyond the Rayleigh—
Jeans regime where single-photon energy exceeds the
energy of thermal fluctuations.

A classical microwave radiometer [11] typically con-
sists of a radio receiver followed by a square-law
detector. In reality, receiving circuits always add noise
to the antenna radiation. This system noise, represented
by a system temperature Ty limits the sensitivity of a
radiometer [12]. A common practice for reducing 7'y, is
to equip the receiver with cryogenic low-noise amplifiers
[13—15]. Alternatively, one can directly detect quantum
radiation with novel microwave sensors. For instance,
in circuit quantum electrodynamics (cQED) systems
[16-19], one can deduce the coherent [20] or white
thermal-photon population [21-27] of a microwave
cavity from qubit coherence times—an effect known as
photon-induced qubit dephasing [28-30]. This method
has been applied to extract the thermal populations of
qubit-readout cavities with a precision of ~107* [27].
However, cQED radiometers have not yet been employed
to probe external radiative sources with pulsed emission
or colored spectra.
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A frequently encountered type of thermal radiator is an
electrical resonator at finite temperature, whose output field
has a Lorentzian power spectral density. Consider a
resonator mode at frequency f coupled with rate . to a
transmission line at temperature 7. and with rate «;
to an internal dissipative mechanism thermalized to a bath
at T; > T,.. The average thermal population of this
resonator mode is i1 = (k7. + k;#i;)/ (k. + k;), in which
Aoy = (e"/ksTar — 1)71. Radiative cooling (7t — 7,) is
manifested if x.> k;, namely, when the resonator is
overcoupled to a colder external bath. The same thermo-
dynamic principle underlies nocturnal cooling on cloudless
nights [31,32] when the Earth’s surface, in contact with the
300 K atmosphere, is cooled by radiative emission into the
cold bath of space, whose temperature of 3 K is set by the
cosmic microwave background radiation. In this work, to
test our qubit radiometer, we measured the thermal radi-
ation from a 1 K microwave resonator and demonstrated its
radiative cooling by coupling it to a ~0.1 K external bath.
Noise analysis yields Ty = 0.31 K~ hf/2kg, which is
dominated by dissipation and thermal leakage at low
temperatures. It is a factor of 2 below the minimum output
noise energy Af of an ideal quantum-limited phase-pre-
serving linear amplifier, which includes both the amplified
vacuum fluctuations of the input signal and the minimum
noise added by the amplifier. The well-understood perfor-
mance and the exceptional precision of this radiometer
promise its applicability to a variety of problems such as
verifying ground-state cooling in hybrid quantum systems
[33,34] and upgrading microwave-cavity-based axion
experiments [35-37].

Measurement setup.—Although employing a different
physical system, our experiment pays tribute to a classic
measurement setup in radio astronomy invented by R. H.
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FIG. 1. (a) Diagram of an archetypal radio telescope. Blue box:
radio receiver. Orange box: Earth’s atmosphere. Green trident:
receiving antenna. Blue arrow: extraterrestrial radiation. Red box:
reference black-body radiator for temperature calibration.
(b) Setup of our quantum microwave radiometric experiment.
Blue area: mixing-chamber stage (MXC) of a dilution refriger-
ator. Orange box: variable-temperature stage (VTS), which is
attached to the still stage of the same dilution refrigerator through
a weak thermal link. Green transmission line: a niobium—titanium
superconducting coaxial cable inductively coupled to a tunable
antenna resonator (green). Blue arrow: residual thermal noise
from the input line impinging on the resonator. Orange arrow:
thermal leakage from the VTS to the MXC circuit due to the finite
thermal conductivity along the interstage microwave wiring. Red
box: tunable broadband noise generator. JPC: Josephson para-
metric converter with three ports: signal (S), idler (I), and pump.
cQED: a transmon qubit (purple) dispersively coupled to a
readout cavity (blue). SPA: superconducting nonlinear asymmet-
ric inductive element parametric amplifier [41-43], which en-
ables high-fidelity single-shot qubit readout.

Dicke and R. Beringer [38], whose block diagram is
sketched in Fig. 1(a). Enclosed in blue is a microwave
radiometer of the Dicke type [39], characterized by a
two-way switch at the receiver input selecting between a
black-body radiator at a reference temperature 7, and
a receiving antenna whose brightness temperature is a
mixture of extraterrestrial radiation and atmospheric back-
ground: Ty = yTam + (1 —¥)Tex, With y denoting the
atmospheric fractional absorption [40]. After calibrating
T, using the reference radiator and separately measuring
T,m and y, one can extract T —the microwave temper-
ature of the astronomical object.

Our measurement setup is depicted in Fig. 1(b), with
experimental parameters listed in Table S1 of the
Supplemental Material [44]. At the system level, it can
be viewed as a quantum-circuit realization of Dicke and
Beringer’s radio telescope. The analogy is highlighted by
the color code. Our “antenna,” with a tunable resonant
frequency f, and a mode temperature 7,, is a super-
conducting LC resonator [66] anchored to a variable-
temperature stage (VTS), whose temperature 7yrg can
be adjusted between 1-2 K without affecting other parts of
the dilution refrigerator. The antenna mode is coupled with

rate k, ; to the internal dissipative bath at T'yrg and with rate
K, to a transmission line at 7' ~ 0.1 K [67]. Moreover,
an external broadband noise generator is able to raise the
temperature of the radiation on the transmission line by
T.qa = 0-2 K. The combined variabilities of Tytg and T 4q
allow various system parameters to be calibrated. In the
quantum regime, i.e., kgT; < hf,, with j denoting a mode
or bath index, it is convenient to work with thermal photon
populations in lieu of temperatures, which are linked by
n; = (e"a/kTi —1)~1. The thermal population of the
antenna mode is then given by

ng, = ynyrs + (1 - 7/) (ﬁext + fladd)' (1)

Here y := k,,;/(Ky;i + Kac) = Kq.i/Kq ~ 0.3 is analogous to
the “fractional absorption,” which is measured by a net-
work analyzer through the ports “Probe in” and “Probe
out.”” During the experiment, Typg is continuously moni-
tored by a calibrated thermometer. Therefore, the value of
i, can be computed once T.,, is obtained.

The detector of our quantum radiometer is a standard
cQED module in the strong dispersive regime, where
photon-number fluctuations in a 3D readout cavity [68]
induce extra dephasing in a superconducting transmon
qubit [69-71]. The intensity of the cavity field can then be
deduced given its photon statistics. For instance, with
broadband thermal noise at the cavity input, this photon-
induced dephasing rate is given by [30]

Dy () = Rel(k, + ix)?/4 + iz, i = x, /2, (2)

where 7 is the cavity thermal population, , = k,.. + k.,
is the cavity linewidth, and y /27 is the dispersive shift of
the qubit frequency per cavity photon. This dephasing rate
can be measured via the Ramsey-fringe technique.
Dispersive qubit readout [72] can be performed in reflec-
tion through the ports “cQED in” and “cQED out.”

The cQED detector is only sensitive to incoming photons
in the vicinity of the qubit-readout frequency f,. To match it
to the antenna resonator, a Josephson parametric converter
(JPC) [73-75] is pumped at the frequency difference of its
S and I ports and operated as a lossless microwave
frequency converter [76] with a bandwidth ~100 MHz.
Its conversion efficiency can be continuously adjusted from
zero to unity. Without the pump, the JPC provides over
40 dB isolation between its S and I ports, protecting the
qubit from antenna radiation during its initialization,
manipulation, and readout.

Our quantum radiometer shows clear advantages over its
classical counterpart in sensing microwave radiation in the
quantum regime. First, by mapping the cavity population
onto extra qubit dephasing, the cQED module directly
measures the antenna radiation at the quantum level with-
out passing it through any amplifier chain or demodulation
circuit and without any sensitivity to vacuum noise.
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The system noise is thus significantly suppressed. Second,
as qubit dephasing is caused by photon-number fluctua-
tions in the readout cavity, our detector essentially probes
the excitations of an electromagnetic field instead of its
quadrature amplitudes and is thus immune to the one-
photon vacuum fluctuation, which is the inherent noise
limit of classical radiometers with phase-preserving linear
amplifiers [77-80]. These two factors contribute to the
precision of the following experimental results.
Radiometry protocol—Our radiometry measurements
are based on the Ramsey-interferometry experiment
[81,82]. As shown in Fig. 2(a), two z/2 qubit pulses
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FIG. 2. (a) Pulse sequences for noise-induced dephasing
measurements. For all datasets reported in this Letter, qubit
rotations (purple) are completed in 200 ns; the second 7/2 pulse
is applied after the JPC pump (gray) by r—17, =1 us; the
single-shot qubit readout (blue) lasts for 1.08 us. (b) Frequency
landscape of the experiment. The solid green peak (right)
belongs to the antenna resonator. The light green arrow
indicates its frequency tunability. Along the frequency sweep, its
down-converted image (dashed green peak) at f,—f),
crosses the two resonances of the qubit-readout cavity (blue
) = £, 4+ y/4x) separated by y/2x. The red floor refers to the
added white noise. (c) Qubit-dephasing spectra at different added
white-noise powers (from top to bottom, 7,44 equal to
3.77, 1.66, and 0) showing the radiative heating, equilibrium,
and cooling regimes, respectively. The blue ribbon stands for the
range f7 < f,—f, < f7. The accompanying sketches illustrate
these regimes through an analogy based on pottery in a kiln—the
color (temperature) contrasts between the amphorae and their
backgrounds. For data in this subfigure, 7, = 0.54 us and
Tyrs = 1.03 K.

p

are separated by a fixed delay z. By varying their
phase difference ¢ and projectively measuring the qubit
state afterward, one can observe Zn—periodic Ramsey
fringes with an amplitude equal to exp[— [ ['(¢)d1]/2,
in which I'(7) is the instantaneous qubit decoherence
rate [44]. When the JPC is in the isolation mode,
I'(r) equals the inherent Ramsey decoherence rate
Do = 1/Tor = (440.3) x 10* s7!.  Conversely, when
the JPC is in the full-conversion mode, antenna radiation
enters the cQED circuit while the residual thermal photons
at port I responsible for I',; are redirected to the port S.
(Here we assume that I'y is solely caused by the residual
photons coming from the “cQED in” port.) The ratio of
the Ramsey amplitudes in these two circumstances equals
exp[ [ To()dt — Tygt,)], in which T, (z) is the net dephas-
ing rate induced by the antenna radiation, whose time
dependence comes from the noninstantaneous response of
the readout cavity, due to its finite linewidth, to the JPC
pulse; 7, is the duration of the JPC-conversion pump,
which also limits the frequency resolution of the radiom-
etry protocol to ~1‘1 We can thus experimentally obtain
an average dephasmg rate [, = T,,l fo t)dt, in which
the prefactor 1/7, is chosen such that I', = Fth( ") if the
antenna radlatlon were steady-state white noise inducing
an average cavity thermal population 7" [83]. Finally,
using Eq. (2), we link T', to an effective cavity thermal
population 7 as if the dephasing were induced by
steady-state white noise. Note that instead of measuring
the frequency shifts of the zero-crossing points of Ramsey
fringes, our signal is the amplitude of the Ramsey fringes
determined by measuring at the peaks, where shot noise
vanishes in the absence of thermal photons or intrinsic
qubit decoherence.

In practice, we choose 7, <min(7T,7;)/10 to both
ensure sufficient resolutlon on ¢ and mitigate qubit-
relaxation events during the detection window. The
statistical error bars of I, and 7S contain contributions
from both measurement imprecisions and the qubit T,
fluctuations over time. The former scale as 1/,/Ny,
where N, is the number of repetitions of the Ramsey
sequence. In [44], we estimate the dynamic range of this
radiometer to be ~50 dB.

Radiative cooling.—Following this protocol, we mea-
sured 7T while sweeping the frequency of the antenna
resonator. Data are plotted in Fig. 2(c). When the down-
converted antenna image is detuned from f7¥ and f¢, the
qubit senses the white noise from the external bath with the
thermal population 7., + 7i,qq reflected by the antenna.
When the antenna image is aligned with f7 or f¢, the
qubit also senses the photons transmitted from the internal
bath at Tytg = 1.03 K. As photons from a hotter bath
lead to more qubit dephasing, three distinct regimes were
observed: (i) If T,qq = 0, the dephasing increases when the
resonances are aligned, indicating T < Tyrs. (1) If
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T,a~ 1 K, the dephasing is independent of f,, corre-
sponding to 7l + f,qq = fiyrs. (1i1) At any higher 7’44, the
dephasing decreases when the resonances are aligned,
suggesting gy + fiaqq > fiyrs. (1) and (iii) represent the
radiative cooling and heating of the antenna mode by its
external bath, respectively.

Our method for comparing 7., and Tyrg by measuring
thermal-photon-induced qubit dephasing is analogous to
the disappearing-filament technique in pyrometry [84,85],
which maps the high temperatures of quasiblack bodies
onto visible colors. Illustrated by the sketches on the
right of Fig. 2(c), the peaked, flat, and dipped dephasing
spectra (T vs f, curves) are associated with the amphorae
[86] being brighter, hardly distinguishable, and darker
compared to the background radiation, respectively.
Similar to the incandescent color in a kiln, the qubit
dephasing in a circuit QED system is essentially used
as a temperature indicator. This analogy conveys the
ubiquity of the radiative cooling phenomenon and its
applications [87].

Noise analysis.—We model our radiometer using the
signal-flow diagram in Fig. 3(a) when the JPC is in the full-
conversion mode and write the photon flux per unit
bandwidth at the input of the qubit-readout cavity as

r_li,n [f - fa} = ﬁgm[f - fa}tloss + ﬁloss(l - tloss)v (3)

where ﬁgm[f_fa]:ﬁVTS(ta [f—fa]+tleak)+(ﬁext+fladd)(1_
ty[f—fa]) refers to the output photon flux per unit
bandwidth of the antenna resonator. In Eq. (3), the term
proportional to 71, represents the noise added by the
cables, connectors, and circulators between the resonator
and the cQED module; the term containing 7iyrsfeax
represents the thermal leakage from the VTS. Together
with the shot noise associated with the inherent qubit
decoherence, they constitute the system noise of the
radiometer—the total noise at the output of the radiometer
in the absence of input signals. Other terms, proportional to
|

ol I I
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FIG. 3. (a) Noise model of the radiometer. Left beam splitter
(green): tunable antenna resonator. Right beam splitter (gray):
ohmic loss along the coaxial cables and circulators between the
resonator and the cQED module. Their energy transmissivities
are denoted as 7, and f,,,. Four colored boxes represent the
thermal baths. Yellow: internal bath in equilibrium with the VTS,
whose thermal leakage to the MXC-stage circuits is represented
by the transmissivity 7., Red: white-noise source. Blue: external
bath in the transmission line. Gray: dissipation between the
antenna and the cQED cavity. (b) 1 —#, and (c) 7 in the
absence of added white noise at different antenna frequencies
with Tyrg = 1.03 K. The solid red curve in (b) is the theoretical
prediction based on the experimental values of x, ., , ;, k,, and y,
with no fitting parameter. In (c), contributions of different baths
are indicated using the same color code as that in (a). The orange
line separates the VTS leakage (below) and the transmitted
radiation from the resonator (above). For all data in this figure,
7, = 1.08 ps.

either 7, or 1 —t,, are associated with photons from the
internal or external bath of the resonator. As derived in [44],
the 7™ in our experiment, measured from the qubit
dephasing induced by the impinging photon flux 7", is

ﬁsff[fr + fp _fa’Tp] - {ﬁVTStloss’//a[fr +fp _fpr]
+ <ﬁext + ﬁadd)tloss(l - na[fr +fp _fa’Tp])

+ ﬁloss‘(l - tloss) + ﬁVTStleaktloss}Kr_zKr,cKm (4)

in which the dimensionless 7, is the ratio of the qubit
dephasing induced by a filtered thermal bath to that induced
by the same bath without a Lorentzian antenna.

In Fig. 3(b), we plot the experimental data of 7, together
with our theoretical predictions (see the Supplemental
Material [44] for details). The noise calibration results
are shown in Table I, where the system noise is given by
Ngys = Mparg + Tshots in which Mpara = MyTstieak 1 Aioss (1 —
floss )/ Tioss denotes the parasitic white noise referred to the

I

antenna input, and #ig,., derived in [44], is the shot noise
due to the inherent qubit decoherence. We obtain iy, =
0.25+0.02 and Ty = (0.31 £0.01) K~ Af/2kp [88].
Radiative cooling is manifested again through 7., ~
nyrs/100 and 7, ~ fiypg/3. Viewed from the point of
photon counting, the performance of our qubit radiometer
is comparable to state-of-the-art microwave single-photon
detectors in the limit of small input-photon numbers (see
the Supplemental Material [44] for details).
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TABLE 1. Noise parameters. The values of i, 7y
and n, (T, are based on Tyrs = 1.03 K (ityrs = 1.59).
Hear = 0.046 £ 0.005; £, = 0.52 £ 0.06.

Noss Next Npara n

0.09 £ 0.01 0.014 £+ 0.005 0.16 = 0.02

a

0.49 £0.01

Prospect.—Two applications are within sight: First, our
setup can be used to study the thermodynamics of hybrid
quantum systems, such as verifying the ground-state cool-
ing of an electro-optomechanical photon converter [33] or a
spin ensemble [34]. Second, superconducting qubits have
been envisaged to replace low-noise amplifiers as itinerant
photon detectors in microwave-cavity-based axion experi-
ments [35-37]. Considering the resemblance of our meas-
urement setup to an axion detector [§9—91], this radiometry
protocol is useful for detecting this hypothetical particle
and constraining theories of dark matter.
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