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The ideal superconductor provides a pristine environment for the delicate states of a quantum computer:
because there is an energy gap to excitations, there are no spurious modes with which the qubits can
interact, causing irreversible decay of the quantum state. As a practical matter, however, there exists a high
density of excitations out of the superconducting ground state even at ultralow temperature; these are
known as quasiparticles. Observed quasiparticle densities are of order 1 pm~=3, tens of orders of magnitude
greater than the equilibrium density expected from theory. Nonequilibrium quasiparticles extract energy
from the qubit mode and can induce dephasing. Here we show that a dominant mechanism for quasiparticle
poisoning is direct absorption of high-energy photons at the qubit junction. We use a Josephson junction-
based photon source to controllably dose qubit circuits with millimeter-wave radiation, and we use an
interferometric quantum gate sequence to reconstruct the charge parity of the qubit. We find that the
structure of the qubit itself acts as a resonant antenna for millimeter-wave radiation, providing an efficient
path for photons to generate quasiparticles. A deep understanding of this physics will pave the way to
realization of next-generation superconducting qubits that are robust against quasiparticle poisoning.

DOI: 10.1103/PhysRevLett.132.017001

In equilibrium, the ratio of thermally generated quasi-
particles [1,2] to Cooper pairs in a superconductor xy, is of
order 107% at millikelvin temperatures. This is due to the
exponential suppression of quasiparticle density with
respect to the ratio of superconducting gap energy to
temperature. Experimentally, however, x,, is found to be
more than 40 orders of magnitude larger than expected
from the equilibrium calculation [3-8]. Nonequilibrium
quasiparticles limit the sensitivity of superconducting
devices for charge sensing [3,9], metrology [10], and
astrophysical observation [11,12]. In the context of super-
conducting qubits, nonequilibrium quasiparticles represent
a significant decoherence channel [1,5-8,13,14]. Recent
experiments have demonstrated that quasiparticles liberated
by particle impacts in the qubit substrate cause correlated
errors in multiqubit arrays [15-18]. While such errors are
especially damaging for quantum error correction, the
particle impact rate is too low and the rate of removal of
pair-breaking phonons in the aftermath of an impact is too
high to account for the large baseline x,, in superconduct-
ing quantum circuits.

Another potential source of quasiparticles is the absorp-
tion of pair-breaking photons. It has been shown that
improvements in filtering and shielding can increase
coherence times for superconducting resonators [19] and
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qubits [20]. Recently, Houzet et al. explained the observed
ratio of the rate of charge-parity switches on the qubit
island to the rate of qubit state transitions in terms of
photon-assisted pair breaking at the Josephson junction;
coupling of the photon to the qubit junction is mediated by
higher-order modes of the qubit cavity [21]. Our group has
put forth an alternate model for the resonant absorption of
photons by spurious antenna modes of the qubit allowing
detailed calculation of the spectral response [22]. The
crucial insight is that the qubit structure exhibits a parasitic
resonance at a frequency of order 100 GHz, set by the
round-trip distance around the qubit island. This resonance
is the aperture dual of the resonant wire loop antenna [23].
For typical qubit parameters, the qubit junction is well
matched to free space via this antenna mode, so that the
qubit is an efficient absorber of pair-breaking radiation.
Figure 1(a) summarizes relevant quasiparticle generation
and conversion mechanisms in superconducting qubits,
while Fig. 1(b) depicts the dual mapping of the aperture
antenna to wire antenna.

In this Letter, we describe the experimental validation of
our model for the antenna coupling of qubits to pair-
breaking radiation. The experiments involve two separate
chips in one enclosure; one chip incorporates voltage-
biased Josephson junctions acting as transmitters of

© 2024 American Physical Society
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Photon-assisted quasiparticle poisoning mediated by qubit’s antenna modes. (a) Quasiparticle generation and conversion

processes. Pair-breaking radiation is absorbed at a Josephson junction. Photon absorption changes the charge parity of the qubit island
and can induce a qubit state transition. Quasiparticles couple to phonons through scattering and recombination. (b) The single-ended
circular transmon (left) is the aperture dual of the resonant wire loop antenna (right). Red arrows show the amplitude and direction of
electric fields. In the aperture(wire) antenna, signal is coupled via a high(low)-impedance source at the voltage(current) antinode [22].
(c) Two-chip transmit-receive geometry used to probe the spectral response of the qubits to mm-wave radiation. Cutaway drawing is a
scale illustration of the sample enclosure. (d) Circuit diagram for the transmit-receive experiment, with mm-wave Josephson transmitter

(red) and receiver qubit (blue).

coherent mm-wave photons, while the second chip sup-
ports superconducting qubits acting as receivers. We use a
Ramsey-based interferometric gate sequence to monitor the
charge-parity state of the qubits [24]; resonant absorption
of pair-breaking photons induces parity switches on the
qubit which we detect with near unit fidelity. By scanning
the voltage bias of the transmitter junction, we map out the
spectral response of the qubits up to ~500 GHz. We find
that the detailed absorption spectrum of the qubits agrees
well with the predictions. Additionally, we investigate the
origin of the baseline quasiparticle poisoning and spurious
excitation of the qubit.

We note that a recent experimental study explains the
scaling of quasiparticle poisoning with qubit size in terms
of our model, without direct validation of the detailed
spectral response [25].

The experimental setup is shown in Fig. 1(c). Two
separate device chips are integrated in a single light-tight
enclosure made from 6061 aluminum: the transmitter chip
(red) is mounted face to face with the receiver chip (blue)
with a separation of 9.6 mm. Bias of the transmitter
junction at voltage V induces coherent oscillations in the
phase difference across the junction at the Josephson
frequency f; = V/®,, where ®, = h/2e [26]. A circuit
diagram of the experiment is shown in Fig. 1(d). Josephson
oscillations are modeled within the resistively and
capacitively shunted junction model [27] as a Norton
equivalent current source /j in parallel with shunt admit-
tance Y = 1/Z; ~ 1/R, + joC;. Here, Iy is a frequency-
dependent ac Josephson current of order the junction
critical current I, [27-31], R, is the differential resistance
of the junction, and Cj is the junction capacitance. For a
detailed discussion, see the Supplemental Material [32,33].

The Josephson oscillator acts as a coherent source that
drives the antenna formed by the junction pads with
radiation impedance Z.4. The coherent power radiated
to free space is given by [22]

e
Prad:%I%an (1)

where the coupling efficiency e, of the junction to free

space is given by

2

. (2)

Ccr =

_ ‘ Zrad - Zj*
Ziad + Z;

We now consider the effect of the radiation on the
transmon qubits of the receiver chip. We use charge-
sensitive transmons [14] to allow real-time monitoring of
quasiparticle poisoning [33]. Photons with frequency f >
2A1/h = 92 GHz couple to the Josephson junction of the
receiver qubit with efficiency e, . defined as in Eq. (2).
Photon absorption breaks a Cooper pair, resulting in a
change in the charge parity of the qubit island.

In a first series of experiments, we use two nominally
identical chips as transmitter and receiver. Witness junc-
tions [shown in Fig. 2(a)] are used as mm-wave trans-
mitters [41]. The chip incorporates six Xmon qubits;
the qubit geometry is shown in Fig. 2(b). As we vary
the voltage bias on the transmitter junction and thus the
frequency of the emitted Josephson radiation, we probe the
charge parity of the receiver qubit. In the following, we
present data on a single transmitter-receiver pair [42].

In Fig. 2(c), we show the calculated coupling efficiencies
e, for the transmitter (red) and receiver (blue) [33]. The
purple trace, the product of the transmitter and receiver
efficiencies, represents the frequency-dependent transfer
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FIG. 2. Spectral response of the Xmon qubit. (a) Optical micrograph of the Josephson transmitter. Voltage bias is provided by a drive
line with impedance Z;, = 50 . (b) Optical micrograph of the Xmon receiver qubit. In both (a) and (b), junction leads are shown in
yellow. (c) Frequency-dependent coupling efficiency calculated for the transmitter junction (red) and receiver qubit (blue). The product
of these coupling efficiencies (purple trace), represents the overall transfer efficiency from transmitter to receiver. (d) Quasiparticle
poisoning rate as a function of transmitter frequency. Left: the parity-sensitive Ramsey sequence. Black points are the measured
poisoning rates. The black dashed line is the baseline rate I'y = 110 s~! (in the absence of explicit photon injection), and the purple trace
is the contribution from Josephson radiation calculated from the coupling efficiencies of (c), with an overall scaling of 0.045 to account
for photon losses. Right: a detailed view of the resonant features around 270 GHz. Oscillations in the spectral response of the qubit arise
from the mutual coupling of the qubit antenna mode to a spurious slotline mode of the qubit readout resonator. Here and in the following,
the shaded region on the right-hand side of the plot indicates the regime V > 4A,,/e where shot noise emission from the transmitter

dominates over coherent emission.

function of the two-chip experiment in the absence of loss
and nonidealities. In Fig. 2(d), we plot the measured parity
switching rate I', [43] of the receiver qubit versus trans-
mitter Josephson frequency (black points). We see clear
peaks in the spectral response of the receiver qubit at
190 GHz and 270 GHz, with Fp a factor of 2 and 6 times
larger than the baseline rate, respectively. We ascribe these
features to antenna resonances in our transmitter and
receiver, which provide enhanced transfer of energy
between the two chips. The purple trace represents the
expected parity switching rate calculated from the coupling
efficiencies [33].

In the inset of Fig. 2(d), we plot the measured and
calculated parity switching rates on an expanded scale. We
observe a clear fine structure in both spectra, with a
modulation of the receiver response at a period of
11 GHz. We understand this modulation to be due to the
mutual coupling between the receiver qubit and its local
readout resonator [44]. We take the excellent agreement
between the measured and calculated spectra as clear
validation of our antenna model for coupling of the qubit
to pair-breaking radiation.

For transmitter bias above 4A,;/e = 0.76 mV, corre-
sponding to Josephson frequency above 8A,/h =
368 GHz, shot noise from quasiparticles tunneling across

the transmitter junction will also generate pair-breaking
photons [45]. In the relevant limit eV > 2A 5 > kgT, we
can model shot noise from the transmitter as from a normal
tunnel junction at zero temperature. We find an emitted
power of pair-breaking radiation given by

B 1 [fi/2=280/0 | hff; _
Pshot(f]) - ZAAAI/h |:7 hf:| ec.tr(f)df’ (3)

where fj is the frequency of coherent (Josephson) radia-
tion corresponding to the junction voltage bias; see the
Supplemental Material [33] for details. The upturn in the
parity switching rate for Josephson frequency above
~400 GHz is well explained by this shot noise contribution.

In a second series of experiments, we examined the
resonant response of receiver qubits with circular island
geometry spanning a range of sizes; the geometries of the
transmitter junction and the three receiver qubits are shown
in Fig. 3(a). The devices are designed with the same
nominal charging energy E./h =360 MHz and ratio
E;/E. = 28; however, the different island radii 90, 70,
and 50 pm yield different dominant dipole antenna reso-
nances at frequencies 130, 240, and 360 GHz, as confirmed
by numerical modeling of the chip [Fig. 3(b)].
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FIG. 3. Dependence of resonant response and baseline parity
switching rate on device scale. (a) Optical micrographs of the
rectangular transmitter device (green) and the large (red),
intermediate (black), and small (blue) qubits used for these
experiments. Yellow traces indicate the junction leads. (b) Calcu-
lated coupling efficiencies of the transmitter and the receiver
qubits. (c) Measured quasiparticle poisoning rates for the qubits
as a function of transmitter frequency. Dashed lines indicate the
baseline parity switching rates.

With the Josephson radiator turned off, we first measure
the baseline parity switching rates on the three devices
[dashed lines in Fig. 3(c)], finding I'y(Q,) = 1060 s~!,
[o(0Q,) =190 s7!, and Ty(Q3) = 12.8 s~!. The two orders
of magnitude discrepancy in the baseline parity switching
rates across these devices indicates clearly that nonequili-
brium quasiparticles are not uniformly distributed on the
receiver chip, and that device geometry plays a critical role
in the generation of quasiparticles. If we take the radiative
environment of the qubit to be a blackbody at effective
temperature 7" and assume coupling of the qubit antenna to
a single mode and polarization of the radiation field, we
find a rate of absorption of pair-breaking photons given by

eC
r, :/fw_ _d. 4)

From the measured parity switching rates on the three
devices, we infer effective blackbody temperatures 7(Q; ) =
410mK, T(Q,) =490 mK, and T(Q;) =460 mK. We
believe that the broadband pair-breaking photons giving rise
to the observed parity jumps are not due to a single radiator at
aphysical temperature of 400—500 mK, but rather due to light
leakage from higher temperature stages of the refrigerator
(most likely via the coaxial wiring) that is insufficiently
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FIG. 4. Photon-assisted parity switches and qubit transitions.
(a) Representative measurement of qubit excitation rate. Here we
use qubit Q, as a testbed. Inset: the measure-idle-measure
sequence. A linear fit (black line) is used to extract the excitation
rate I'y. (b) Measured quasiparticle poisoning rate (red) and
excitation rate (blue solid trace) as a function of transmitter
frequency. The dashed curve shows the predicted photon-assisted
qubit transition rate calculated from the measured rate of parity
switches, after [21].

attenuated by the in-line Eccosorb filters [25,46] and direct
photon leakage into the sample box due to imperfect sealing
of the enclosure. The discrepancy in the effective temper-
atures inferred for the 3 qubit antenna modes could reflect
structure in the environmental spectrum.

With the transmitter junction biased in the voltage state,
we map out the resonant response of these three devices as
shown in Fig. 3(c). The complex resonant structure of the
transmitter mode leads to rich structure in the resonant
response of the 3 qubits; however, the measured parity
switching rates are in qualitative agreement with our
antenna model, with the resonant response shifting to
higher frequency as the radius of the qubit island decreases.

Finally, using Q, as a testbed, we examine spurious
transitions out of the qubit |0) state induced by the absorption
of pair-breaking photons. In Fig. 4(a) we show representative
data for the conditional probability P; = P(1]0) of finding
the qubit in state |1) in the second measurement given the
initial measurement prepared state |0). In Fig. 4(b), the solid
traces show the measured parity switching rate I, and
excitation rate I'; versus Josephson frequency of the trans-
mitter junction. We see that I', and I'y display a similar
resonant response centered at a Josephson frequency around
240 GHz, where the transfer function from transmitter to
receiver device is expected to peak. Moreover, the ratio
I',/T"4 is roughly constant over the full frequency range,
indicating that qubit excitations are dominated by resonant
absorption of pair-breaking photons. Houzet et al. have
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previously analyzed the rate of qubit transitions conditioned
on the absorption of a pair-breaking photon [21]. Their
analysis predicts a contribution to I'y given by the dashed
blue trace in Fig. 4(b) [33]. However, the absorption of a pair-
breaking photon will also generate a population of non-
equilibrium quasiparticles that can tunnel across the qubit
junction, inducing additional qubit transitions following the
primary poisoning event. It is possible that this secondary
poisoning accounts for the enhanced rate of excitations
measured here.

In summary, we have used controlled irradiation of
superconducting qubits with mm-wave photons derived
from the ac Josephson effect to validate a model for photon-
assisted quasiparticle poisoning through the spurious
antenna modes of transmon qubits. The observed baseline
parity switching rates are well explained by absorption of
broadband thermal photons from higher temperature stages
of the cryostat. Additionally, the correlation between qubit
state transitions and charge parity switches indicates that
resonant absorption of pair-breaking photons is the domi-
nant contributor to qubit initialization errors in our devices.

An understanding of the physical origin of quasiparticle
poisoning will allow the development of improved qubit
designs and measurement configurations that protect
against absorption of pair-breaking radiation. At the same
time, the resonant transduction of pair-breaking photons to
quasiparticles followed by qubit-based parity detection
could form the basis for a new class of quantum sensors;
potential applications include high-resolution spectroscopy
of the cosmic microwave background [47] or detection of
dark-matter axions [48,49] or dark energy [50].
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