PRX QUANTUM 8§, 020321 (2024)

On-Demand Driven Dissipation for Cavity Reset and Cooling
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We present a superconducting circuit device that provides active, on-demand, tunable dissipation on a
target mode of the electromagnetic field. Our device is based on a tunable “dissipator” that can be made
lossy when tuned into resonance with a broadband filter mode. When driven parametrically, this dissipator
induces loss on any mode coupled to it with energy detuning equal to the drive frequency. We demonstrate
the use of this device to reset a superconducting qubit’s readout cavity after a measurement, removing
photons with a characteristic rate greater than 50 ws~!. We also demonstrate that the dissipation can
be driven constantly to simultaneously damp and cool the cavity, effectively eliminating thermal photon
fluctuations as a relevant decoherence channel. Our results demonstrate the utility of our device as a
modular tool for environmental engineering and entropy removal in circuit quantum electrodynamics.
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I. INTRODUCTION

Superconducting qubits are a promising quantum com-
puting technology, combining fast operation speed, long-
lived coherence, and scalability [1]. Great strides have
been made in improving qubit coherence through cir-
cuit design [2], materials engineering [3], filtering and
shielding [4], and novel qubit architecture [5,6]. However,
relaxation and dephasing still limit processor performance.
In addition, readout remains a challenging problem that
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can even exacerbate the decoherence challenge: environ-
mental coupling required for readout can also be a source
of dephasing. Unwanted excitations in the environmen-
tal modes can cause “accidental measurement” of a qubit
state, reducing or destroying phase coherence.

Almost all modern superconducting processors use the
circuit quantum electrodynamics (cQED) architecture: a
qubit circuit is coupled to a linear resonant circuit or cavity,
which in turn is coupled to a microwave feedline [7]. These
circuits are typically operated in the dispersive regime,
where the detuning A between qubit and cavity modes is
far greater than their coupling strength g, such that excit-
ing the qubit shifts the resonant frequency of the cavity by
the dispersive shift xy. The inverse is also true: the cav-
ity photon number # shifts the qubit frequency by ny. This
creates a possible source of dephasing, as a fluctuating pho-
ton number can cause a noisy shift in the qubit frequency
[8—10]. These fluctuations may be due to residual photons
from a coherent drive on the cavity used to perform readout
or thermal photons resulting from the finite temperature of
the mode [11]. In the limit of low average photon number
n, the induced qubit dephasing rate is given by
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where « is the cavity photon loss rate set by its coupling
to the environment and m = 1 for thermal states or m = 2
for coherent states [9]. To eliminate this dephasing chan-
nel, the cavity photon number must be kept very close
to zero when a readout is not being performed. This is a
challenge, as nearby microwave attenuators heat up and
radiate thermal photons into the cavity [12]. Optimized
attenuators have successfully damped these photons to the
point where their effects are negligible [13], but at the cost
of severely reduced readout signal to noise ratio due to
added attenuation of the signal. Even if the cavity equilib-
rium temperature were close to zero, after a readout it still
takes many times the cavity lifetime for all the photons to
leave. Active reset schemes can reduce this ringdown time
[14-16], but it remains a rate-limiting step in qubit oper-
ation after readout. This issue is especially significant as
the field begins to implement fault-tolerant error correc-
tion schemes, which require many readout operations per
logical operation. Solving these issues requires determin-
istically resetting and holding a cavity in its ground state
without diminishing readout fidelity or qubit coherence.

The problem of ensuring that a cavity is in its ground
state is essentially one of entropy removal. Entropy can
be removed from a system either through active control
(i.e., an information-based Maxwell’s daemon approach)
[17-24] or through allowing heat to flow to a colder
system (i.e., a dissipation-based approach). Information-
based approaches are not ideal for removing entropy from
a typical readout cavity, as feedback loop delay times
(approximately 0.5—5 s) are typically not short compared
with the value of 1/« (approximately 0.1—-1 ps). On the
other hand, dissipation is, in general, a valuable resource
for control of cQED systems [25,26]. In the cQED archi-
tecture, dissipation can be tuned fast on demand by use
of driven couplings between a target mode and a lossy
bath. This approach has been used for qubit reset [27-31],
error reduction [32], preparation and stabilization of single
qubits [33,34], entangled states [35,36], and stabilization
of bosonic encodings [37,38]. Here we apply on-demand
dissipation to remove entropy from a readout cavity.

In this paper we present a modular dissipative element
that can be used to induce tunable, on-demand loss in a tar-
get mode. Our “dissipator” consists of a tunable coupler,
similar to a high-frequency tunable transmon, that links a
target system to a lossy transmission line via a bandpass
filter, similar to the geometry proposed in Ref. [39]. By
driving the dissipator parametrically, we can cause the tar-
get mode to hybridize with the dissipator and thus become
lossy itself. We demonstrate the utility of this device by
using it to remove photons from the readout cavity of
a standard superconducting cQED system. We show that
using the dissipator, we can damp the cavity with a charac-
teristic rate greater than 50 ws~! and achieve a complete
reset after measurement in 170 ns, more than 10 times
faster than the background decay rate. We also show that

the dissipator can be used to cool the cavity during qubit
operation, reducing the photon-induced decoherence rate
on the qubit to the point that it is negligible. Our results
show the utility of the dissipator for reset and cooling
operations, and as a general source of on-demand loss.

I1. PRINCIPLE OF OPERATION

The operation of our device is based on a parametrically
driven exchange interaction (also sometimes referred to as
a swapping or beam-splitter interaction [40]) between a
target mode and a lossy mode. If the lossy mode is near
its ground state and the loss is fast compared with the
exchange (i.e., the exchange is overdamped), this is effec-
tively a one-way interaction: excitations in the target mode
are shuttled to the lossy mode, where they dissipate before
they can swap back into the target. Crucially, the lossy
mode and the target mode can be far detuned, as the para-
metric drive allows frequency conversion. This prevents
static coupling from causing unwanted loss on the target
mode when no parametric drive is present. We can there-
fore tune the strength of the loss on the target simply by
tuning the strength of the parametric drive, turning it on
and off as needed with broad bandwidth.

A. Parametrically driven dissipation

We begin by considering the case of a lossy dissipator
that is coupled to a lossless linear oscillator. For simplicity,
we treat the dissipator as a tunable qubit with frequency
wgiss- The dissipator is coupled to a cavity of frequency w,
with coupling strength g.. This gives the familiar Jaynes-
Cummings Hamiltonian

Wiss
- %O’Z + g (aT + a) (or+02), (2

H = wcaTa
where o, (0_) is the raising (lowering) operator for the
dissipator and a (a') is the annihilation (creation) operator
for the cavity.

We next turn on a parametric drive that periodically
modulates the dissipator frequency

H,(f) = €psin (a)pt) 0, 3)

where ¢, is the parametric drive amplitude and w,, is the
parametric drive frequency. This parametric modulation
of the dissipator transition frequency causes sidebands to
appear, centered at wqiss and spaced by wj,. Parametric cou-
pling can be turned on by one tuning one of these sidebands
into resonance with the cavity. Typically the first side-
band is used, i.e., w, = w. — wgiss = A. This resonance
results in a parametrically driven exchange interaction
between the cavity mode and the lossy dissipator mode.
In the dispersive regime, where g. < A, and when the
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drive amplitude is small €, < A [41], the drive-induced
parametric coupling rate is given by

~ &ccp
Ep ~ A )

(4)

leading to Rabi oscillations between the states |g,n + 1)
and |e, n) with frequency

W+ 1ge€

Q
R A

(%)
We derive and generalize these equations in a closed-
system setting in Appendix A.

The dissipator loss damps the Rabi swapping oscilla-
tions between the cavity and the dissipator. Depending on
whether the parametric coupling g, is larger than, smaller
than, or equal to the amplitude damping rate «4iss/4, the
interaction will be underdamped, overdamped, or critically
damped, respectively. In the underdamped case, excita-
tions swap back and forth between the dissipator and the
cavity and decay at a rate given by kgiss/2. In the critically
damped case, the decay is the same, but no oscillations
occur. In the overdamped case, the decay is rate limited
by g, and the population decays with rate

1 2 2
Keff = E Kdiss — 1/ Kgiss — 16gp . (6)

In the small-coupling limit (g, < «4iss), the decay rate
Keff ~° 4g§ /Kdiss- These rates are obtained in Ref. [31] with
use of non-Hermitian Hamiltonians and solving for the
explicit time dynamics; here we quote the result rather than
reproducing the lengthy analysis. Once the parametric cou-
pling rate is known, the damping rate could also easily be
obtained by one treating the cavity and the dissipator as
classical damped oscillators. It is also possible to derive
the parametric coupling rate classically, but the quantum
derivation is far simpler mathematically [42].

B. Refrigeration

In this section we describe how the dissipator can be
operated as a quantum refrigerator and give a brief deriva-
tion of the equilibrium behavior. The refrigeration per-
formance of similar systems was explored theoretically
in Refs. [39,43] and experimentally in Ref. [31], among
other studies. Here we give a simplified summary in the
relevant parameter regimes. A fuller description without
simplifying assumptions is given in Appendix B.

When the dissipator is tuned near resonance with the fil-
ter, the exchange interaction between them allows heat to
flow. Since loss via the filter dominates all other sources
of loss on the dissipator, in the absence of other drives the
dissipator comes to thermal equilibrium with the filter. The
filter loss is likewise dominated by the coupling to the ther-
mal bath formed by the continuous spectrum of the lossy

feedline, and so the filter is in thermal equilibrium with this
bath. Therefore, Tgiss & Thath-

On the other hand, the target (cavity) mode is far off
resonance from the dissipator and the two cannot easily
exchange heat. Therefore the cavity and the dissipator do
not reach thermal equilibrium. Instead they can exchange
excitations via the coherent swapping interaction induced
by the parametric drive. In the absence of any drive, the
cavity comes into equilibrium with its environment at tem-
perature 7; with rate x.. When the drive is turned on,
excitations are exchanged between the cavity and the dissi-
pator. In the underdamped limit, where these swaps happen
very fast compared with the cavity and dissipator loss rates
(8p > K¢, Kdiss), the cavity and dissipator reach an exci-
tation number equilibrium: n, = ngiss. In the limit where
the dissipator’s loss dominates kgiss > k., the dissipator
comes to the temperature of its environment Tp,y,. The
mean photon number is given by

1 1

e@diss/kBToath — | - ehwe/kgTe _ 17

n= (7
where T is the cavity’s effective temperature under driv-
ing and kg is the Boltzmann constant. This gives T, =
(@¢/wdiss) Toatn- Thus, if (wc/w4iss) Toan < To, the cavity is
cooled by the dissipation drive.

The opposite limit is also interesting: the overdamped
regime, where the cavity-dissipator swapping is slow com-
pared with the dissipator loss rate (g, < K4iss). This is the
regime in which we typically operate our device. Here
we can treat the target cavity as if it is exposed to two
baths: the normal background bath with temperature T
and coupling rate k., set mainly by the cavity coupling
to the measurement line; and the effective thermal bath
formed by the frequency-converted excitations from the
dissipator with driven coupling (loss) rate xeg =~ gg /Kdiss
(from Sec. IT A). This latter bath has effective temperature
Ter = (w¢/wdiss) Tvath, Which can be derived as above by
counting excitations in the dissipator and inverting Eq. (7)
to find T.g. This leads to an overall cavity temperature

w
keTo + KeffﬁTbath

T, = iss (8)

Kc + Keft

Once again we can lower the cavity temperature so long
as (we¢/wdiss) Tvatn < To, Which is easily achieved by one
setting wgiss > @, if the baths are at similar temperatures.

III. EXPERIMENTAL RESULTS

A. Device and apparatus

A circuit schematic and an image of our device are given
in Fig. 1. Our device consists of a few modular elements.
The first element is an ordinary cQED readout system, with
a fixed-frequency transmon qubit at wq/27m = 3.368 GHz,
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FIG. 1. (a) Energy level diagram depicting the driven dissi-
pation process, showing the lowest two dissipator states (|g)
and |e)) and lowest four cavity photon states (|0), |1), |2), and
|3)). A parametric drive on the dissipator at the dissipator-cavity
detuning frequency induces coherent oscillations between the
|g,n) and |e,n — 1) states (blue arrows). The dissipator is lossy,
and so quickly emits a photon (green) and decays back to the
|g,n — 1) state (dashed black arrow). A photon is thus uncon-
ditionally removed from the cavity; continuous driving of this
process brings the system to its ground state |g,0). (b) Circuit
schematic of our device. A measurement feedline (black, ports
1 and 2) is coupled with rate «. to a half-wave cavity (green)
used to read out an ordinary transmon qubit (purple). The cavity
is also coupled to a tunable coupler, the dissipator (light blue),
which can be flux driven via a fast flux (FF) line (port 3). The
dissipator is coupled via a bandpass filter (implemented as a half-
wave cavity) to a terminated transmission line (port 4), with filter
bandwidth k¢, causing the dissipator to become lossy when near
the filter band. (c) False-colored scanning electron microscope
image of a device with the same design as the one reported here,
with color coding as used in (b). The readout cavity, qubit, dis-
sipator, filter, and terminated line are all connected via coupling
capacitors (highlighted in yellow).

with anharmonicity /27 = —172 MHz, coupled to one
end of an open-ended section of a coplanar waveguide
that forms a half-wave cavity at w./27 = 5.594 GHz. The
qubit and the cavity couple with rate gq/27 = 53.9 MHz,
and the cavity couples to the external measurement line at
rate k./2w = 500 kHz. The second element is a tunable
coupler with flux-tunable resonant frequency wgiss(¢) €
[4.2,15.3] GHz, which couples to the opposite end of the
cavity with rate g./2w &~ 145 MHz; we term this the “dis-
sipator.” A fast flux line allows us to drive microwave flux
tones into the dissipator superconducting quantum inter-
ference device (SQUID) loop, modulating its energy. The
third element is our source of loss, which is implemented

as a transmission line terminated with a 50-2 load. The
load is anchored to the base plate of the cryostat at 7 mK.
Between the dissipator and the load is another half-wave
cavity at frequency w¢/2m = 8.6 GHz, which couples to
the dissipator with rate gr/2m = 535 MHz and to the exter-
nal feedline with rate «¢/27 &~ 120 MHz. We term this the
“filter” mode as it forms a bandpass filter that suppresses
static coupling between the cavity and the terminated feed-
line, avoiding unwanted loss when the dissipator is not
driven. The filter linewidth is approximate as it depends
on the static flux bias (i.e., on the dissipator frequency)
and has a non-Lorentzian line shape due to impedance
variations over the broad bandwidth. The dissipator-cavity
coupling is also approximate because the effective cou-
pling rate is modified by the filter when the two are near
resonance. Device parameters are extracted as described
below; more details can be found in Appendix E.

We tune up our device with spectroscopic measure-
ments. We find the cavity modes by measuring the mag-
nitude of the transmission from the measurement input
port (port 1) to the output port (port 2) and by look-
ing for features in the transmission spectrum. We perform
this measurement with a constant cavity drive. The trans-
mitted signal is amplified, demodulated to 200.25 MHz
in a standard heterodyne setup, and digitized. Ordinarily,
the transmission line that provides the lossy port (port 4)
would be terminated; however, to better characterize our
device, we instead connect it to a heavily attenuated drive
line. The microwave attenuators on the line produce a load
nearly identical to a termination, so we expect the device
behavior to be unaffected. See Fig. 6 for an experimental
wiring diagram. We can thus characterize the filter mode
by measuring transmission from this “loss port” (port 4)
to the measurement output port (port 2), in this case with
a vector network analyzer (VNA). The VNA is removed
for all other measurements, and the line is terminated at
room temperature. The qubit frequency can be found with
ordinary pulsed spectroscopy. However, the dissipator is
so lossy that it is difficult to see with pulsed spectroscopic
measurements. Instead, we measure the cavity and filter
spectra while tuning the dissipator flux, and we fit the dis-
sipator frequency wgiss(¢) and coupling rates g, and gr on
the basis of the observed avoided crossings; see Fig. 2. We
observe crossings with the fundamental and second cavity
modes at 5.59 and 11.2 GHz, the filter mode at 8.6 GHz,
and a spurious feature at 9.9 GHz that we attribute to a
nonlinear mixing process where two measurement photons
convert into one filter photon and one photon in the second
mode of the cavity.

Operation is possible with the dissipator tuned to any
frequency by parametric driving at the detuning between
the cavity and filter modes, inducing an exchange inter-
action directly between the cavity and the filter without
populating the dissipator. Indeed, we measured increased
cavity loss when driving the dissipator at the cavity-filter
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FIG. 2. (a) Spectra of cavity and filter modes as a function of
flux through the dissipator SQUID loop. The upper plot shows
power transmitted from the filter (loss) port to the measurement
output port (port 4 to port 2), relative to an arbitrary reference
power in the unit of decibels. The dashed red line is a fit to the
dissipator frequency as a function of flux based on the locations
of the avoided crossings. The broadband mode at 8.6 GHz is the
filter mode (dashed brown line). The fundamental cavity mode is
indicated by the dashed orange line at 5.594 GHz. Also visible
are the second cavity mode at 11.2 GHz and another mode at 10
GHz that we attribute to nonlinear mixing of the second cavity
and filter modes; the second cavity mode is too narrow to see on
this scale. (b) Detailed measurement of the region indicated by
the box in (a). Here we show transmission through the ordinary
measurement feedline (port 1 to port 2), which couples strongly
to the readout cavity mode. The red curves, which appear verti-
cal, are actually the (steep) dissipator flux tuning in this range,
and the orange curves are the cavity frequency obtained with the
dissipator parameters from the previous fit and by our letting w,
and g, be free parameters.

detuning at all static flux biases. However, we found the
strongest parametrically driven loss when the dissipator
was resonant with the filter, and so we restrict our results
and analysis to that regime. The filter resonance line shape
changes enough that we are unable to fit the linewidth
(i.e., decay rate) when the dissipator is on resonance with
the filter, and so the precise dissipator decay rate kg 1S
unknown. We expect kgiss & kr/2, but we can only bound
Kdiss/2m € [10,100] MHz with measurements.

B. Cavity ringdown

We first characterize the cavity-dissipator interaction by
measuring cavity ringdown with the parametric drive off;
see Fig. 3. We displace the cavity with a coherent drive
pulse similar in amplitude and duration to an ordinary read-
out pulse, populating it with mean photon number # ~ 39.
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FIG. 3. (a) Pulse sequence for cavity ringdown measurement.
The cavity is populated with an initial drive pulse. We then
drive the dissipator with a parametric flux drive for a variable
time t before digitizing the signal resulting from the remain-
ing cavity population. (b) Ringdown spectroscopy measurement
of cavity ringdown rate as a function of parametric drive fre-
quency and power. The broad feature centered at 2.9 GHz is the
detuning between the cavity and the dissipator. Narrower fea-
tures at approximately 3.35 GHz and approximately 3.2 GHz
are spurious signals due to crosstalk-induced driving of the qubit
transitions. (c¢) Horizontal slices of the data in (b) at three differ-
ent frequencies. Only when the parametric drive is on resonance
with the dissipator-cavity detuning (black curve) do we see a
strong increase of the ringdown rate. The upper horizontal axis,
which reports the drive in the unit of the induced parametric
coupling rate, is based on estimates of g. and €, and should be
viewed as an estimate itself; it roughly predicts the decay rate
seen.

We then wait a variable time 7 and then digitize the signal
for a short time #,, of 32 ns. The signal is a two-channel het-
erodyne voltage, as described above. While we collect the
full vector cavity response, we focus on the cavity output
power. We take many averages, thus finding the average
cavity output power in the short interval ¢ = [, T + t,].
We sweep t and fit the resulting exponential decay of
the output power to extract the cavity ringdown rate yay,
which should equal x. when no dissipation is driven. At
the operating point we chose, the cavity rings down with
rate Ve = 3.000 £ 0.036 ws~! & k. when the dissipator
is not driven. Note that we are characterizing ringdown of
the cavity output power, which is linearly proportional to
the photon number, not the output amplitude as is often
done. The ringdown rate for amplitude decay is half the
rate for power decay. The qubit is left idle during this
measurement, and it remains in its ground state.
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We next add a parametric drive at the cavity-dissipator
detuning frequency during the ringdown, inducing driven
dissipation. Again we leave the qubit in its ground state
for the entire measurement. We measure the ringdown
time as a function of the amplitude and frequency of this
parametric drive. This “ringdown spectroscopy” shows
a strongly enhanced ringdown rate when the parametric
drive frequency wp/2m ~ (wgiss — @) /2w =2.95 GHz,
as expected. When driving is done with a moderate para-
metric drive amplitude of approximately ~ 0.005®, (cor-
responding to a frequency modulation €, /2w ~ 130 MHz),
we are able to increase the cavity ringdown rate ycuy
to 574+ 1.5 ps~!. The parametric drive amplitude is
approximate as we do not know the precise attenuation of
the flux line at this frequency. If we assume that kg =
kr/2 when the dissipator is near resonance with the filter,
we have a predicted decay rate from Eq. (6): Yeay = ke &
60 s~!, in good agreement with the measurement. The
approximately linear relationship between y.,, and para-
metric drive power (i.e., gﬁ) is also in agreement with Eq.
(6). The dissipator-induced loss rate simply adds to the
bare cavity loss rate, and so even a very-high-Q cavity
could see a similar ringdown rate when the dissipator is
driven.

We see additional spurious features corresponding to
transitions of the fixed-frequency transmon or combined
transmon-cavity system. For instance, the features near
wp/2m ~ 3.3 GHz are the transmon transitions wg, and
wgr/2, broadened due to the strong drive. These features
are due to classical crosstalk from the drive line to the
transmon, as our parametric flux drive also induces a small
charge drive on the transmon. This changes the transmon
state and thus the cavity frequency, leading to a ringdown
at a frequency different from that for the initial cavity
drive. This signal is filtered by our measurement electron-
ics and so appears as a faster ringdown. Only the true
cavity-dissipator exchange feature leads to removal of
photons from the cavity, as we show below. There is an
additional, sharper feature at 3.4 GHz that we do not know
the origin of, but it appears to cause no real photon removal
and so is ignored in our analysis.

The measured ringdown rate increases with paramet-
ric drive power up to the highest powers we are able to
drive, as expected in the overdamped regime. At high
enough drive power, we would expect the ringdown rate
to saturate at y.,y = Kgiss/2. At drive powers roughly 20
dB above our maximum drive, the dissipator frequency
would cross the cavity frequency during modulation, and
ordinary resonant exchange would occur. This could lead
to significant damping, but we choose not to analyze
this regime as it would also lead to frequency colli-
sions between the dissipator and any mode between its
mean frequency and the cavity frequency. Avoiding such
collisions is the main motivation for the use of parametric
driving.

The dissipator has significant anharmonicity—we esti-
mate agiss/27 ~ —350 MHz from finite-element simula-
tions of the dissipator capacitance. Therefore, when the
dissipator is populated with a photon, the parametric drive
is detuned from the frequency necessary to swap a cav-
ity photon into the dissipator’s higher levels. We would
expect to see this photon blockade only if the anharmonic-
ity were greater than both the photon swap rate (which
grows with photon number) and the dissipator decay rate.
Additionally, the blockade would appear only if the pho-
ton swap rate were itself greater than the dissipator decay
rate; otherwise the mean photon number in the dissipa-
tor would remain low. If photons were prevented from
leaving the cavity, we would expect to see a nonexponen-
tial ringdown. Our ringdown measurements are well fit by
exponential curves (to within the accuracy of our measure-
ments), and so we see no effect of dissipator anharmonicity
in our device.

C. Reset after measurement

We next demonstrate how the dissipator can be used to
reset the readout cavity after a measurement. The pulse
sequence is shown in Fig. 4(a). We populate the cavity with
an ordinary readout pulse as in the ringdown measurements
reported above, putting z & 39 photons in the cavity. We
next wait 80 ns to ensure no pulses inadvertently overlap
due to mismatches in signal propagation length. We then
drive the dissipator parametrically for a variable time 7.
After tuning off this drive, we perform a standard Hahn
echo sequence measurement on the qubit to characterize
the dephasing induced by cavity photons. We also measure
coherence with the cavity population pulse but without the
parametric drive to characterize the bare cavity reset time.

The background qubit decoherence rate I'S' we measure
varies in a small range about 0.17 ws~!, with the typi-
cal 1-standard-deviation range shown by the shaded bar in
Fig. 4. When the cavity is populated and there is a short
delay (between 0.2 and 1 ps) before we start the echo
sequence with no parametric reset drive, the background
qubit decoherence rate '} is very fast (between 2 and
10 ws~!). We put low confidence on the exact fast dephas-
ing rate at the shortest wait times, as the decay curves
become nonexponential [see the inset in Fig. 4(b)], as is
expected since the cavity photon number changes during
the qubit evolution. Indeed, the echo pulse sequence itself
may be miscalibrated with so many photons in the cav-
ity. After roughly 2.2 s, or just under 7 times the bare
cavity ringdown time of 333 ns, the coherence recovers
to its original value. In contrast, when we drive a reset
pulse on the dissipator flux line with a frequency of 2.955
GHz and amplitude g, ~ 11 MHz (giving ket = Veav =
57 ws~!), we are able to recover the qubit coherence in just
approximately 170 ns, roughly 10 times the driven ring-
down time 1/ = 17.36 £0.48 ns. We are thus able
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FIG. 4. (a) Pulse sequence for cavity reset measurements. We

first drive a population pulse to displace the cavity state. We
then drive a parametric pulse on the dissipator for a variable
time to induce cavity loss. We next apply an ordinary Hahn
echo sequence on the qubit and then measure its state. (b) Mea-
sured echo decoherence rate I'S' as a function of the wait time
after an initial population pulse with (blue, left) and without
(green, right) the dissipator drive. Decoherence initially is fast,
then drops to the background value (gray-shaded region, indicat-
ing the variance in the background I'}). The dashed curves are
fits to the simple model given in Eq. (9), with extracted cavity
decay rates given in the legend. At short times without dissipator
drive, the photon number changes significantly during the echo
measurement, making I'} fits unreliable. This can be seen clearly
in the inset curves, which show single echo measurements with
(blue) and without (green) the dissipation drive: the measurement
without dissipation drive gives a strongly nonexponential curve.

to quickly reset the readout cavity and rapidly eliminate
the cavity-photon-induced dephasing after a readout. The
reset speedup is roughly equal to the cavity ringdown rate
speedup, as expected.

We can fit the qubit decoherence rate during cavity reset
to a simple functional form:

2nx %k,

IN(t) = —5————

e YeT 1 Fg, (9)

where the first term describes dephasing induced by a
decaying coherent state and I') is the bare qubit decoher-
ence rate in the absence of additional cavity population.
This is a simplified model that does not include the full
open system dynamics of the qubit-cavity-bath interaction.
However, it still fits the data quite well in the driven case,
and fits the undriven case well after approximately one

cavity decay time, as shown in Fig. 4(b). We leave y,y,
n, and Fg as free parameters. We extract yc,, = 50.9 +
2.29 ws~!in the driven case, in reasonable agreement with
Yeay = 57.4 & 1.5 ws~! measured in driven ringdown. We
extract 71 = 39.8 + 5.5 and I') = 0.18 £ 0.002 ps~!, also
in agreement with prior measured values. In the undriven
case the fit y., = 4.61 £0.30 ps~! disagrees with the
measured Ve, = 3.000 & 0.036 ws~! from ringdown. We
attribute this discrepancy to the fact that the cavity photon
population changes significantly through the entire echo
sequence, and so the effective I'; is not a constant; this is
confirmed by the highly nonexponential coherence decay
shown in the inset in the Fig. 4(b). Nevertheless, we can
quantitatively say that the driven reset allows the qubit to
recover its background coherence in approximately 170 ns,
while the undriven case takes more than 2000 ns. This
compares favorably with pulse-shaping protocols for res-
onator reset, which typically speed reset by a factor of
approximately 2 [14]; in our case, the reset speedup is addi-
tive, not multiplicative, and so our reset works even for
cavities with low intrinsic «..

To be used as a practical cavity reset, it is essential that
the dissipator does not compromise readout fidelity. We
measured single-shot readout fidelity with and without a
cavity population pulse and reset pulse beforehand, and
found no significant change in the average readout fidelity
of 0.81. This fidelity is limited by the finite lifetime of our
qubit and nonideal performance of our readout amplifica-
tion chain, which has not been optimized for the cavity
frequency.

D. Cavity refrigeration

As described in Sec. II B, it is possible to use the dis-
sipator to cool a target system by pumping heat from the
system into the dissipator’s bath. Importantly, this pump-
ing is frequency selective, and thus can be used to cool one
mode while leaving other modes unaffected. Thus, we can
use the dissipator to remove thermal photons from the cav-
ity, cooling it closer to its ground state, while leaving the
qubit coherence unaffected.

We measure this cavity refrigeration with a modified
echo sequence; see Fig. 5. We first drive an ordinary echo
sequence on the qubit as shown in Fig. 5(a). With no other
drives present, we see the “bare” I'} of approximately
0.17 ps~! also seen in the cavity reset measurements.
We then deliberately degrade this coherence by driving a
weak coherent tone on the cavity during the free evolu-
tion. This populates the cavity with a fluctuating photon
number, dephasing the qubit and raising I'}' to approxi-
mately 1 us~! for a population drive that creates a mean
photon number 7 of approximately 1. Finally, we add
the parametric drive during the entire sequence, damping
and cooling the cavity. For all values of the cavity drive,
adding the dissipator parametric drive reduces the value of
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FIG. 5. (a) Pulse sequence for the cavity refrigeration mea-

surements. The dissipator is parametrically driven to induce
cavity loss while an ordinary Hahn echo sequence is applied on
the qubit. During the free evolution of the echo, the cavity is
driven with a variable-amplitude population drive to add a fluctu-
ating photon population. (b) Measured echo decoherence rate I's
as a function of parametric drive power for three different cavity
drive powers. The legend shows the mean cavity photon numbers
7 under the influence of the cavity drives when the parametric
(dissipation) drive is OFF. The dashed gray line shows the mean
value of I'} (0.17 ps™') in the absence of all other drives. The
rate fluctuates, and the gray-shaded region shows the 1-standard-
deviation interval. When a cavity drive is present with no cooling
drive, fluctuating photon populations 7 of 0.14, 0.35, and 1.10 in
the cavity lead to dephasing, giving the increased average deco-
herence rates of 0.274, 0.425, and 0.980 pws~! shown by the
dashed blue, green, and red lines, respectively. Shaded regions
indicate 1-standard-deviation intervals. When the dissipator is
coupled to the cavity with a parametric drive, these excita-
tions are rapidly removed from the cavity and the coherence is
improved above its background value. With optimal dissipator
driving and no added cavity drive, we read an average decoher-
ence rate of 0.124 ps~!, indicated by the dashed yellow line and
yellow-shaded region.

'} observed, increasing coherence. For sufficiently high
parametric drive amplitudes, we can decrease 'S even
below its bare value, indicating that thermal photons were
likely a source of dephasing even without the cavity
drive. When we turn off the cavity drive and drive only
the parametric cooling tone, we reach a minimum Ff of
0.114 ps~!. All other qubits made with our in-house fab-
rication process, which is limited by oxide contaminants

in the qubit capacitor, show dephasing rates at or above
this level, even when they are well isolated from their
measurement cavities. We therefore suspect the remain-
ing dephasing is due to other processes and is not due
to thermal photon noise. This assumption is supported by
the fact that the bare dephasing rate and the dephasing
rate during refrigeration both drift in time, but the dif-
ference between them is relatively constant, indicating it
is likely due to other time-varying processes as ubiqui-
tously observed in superconducting qubits. Using the mean
“cooled” value as the dephasing rate due to other pro-
cesses I') = 0.124 ps~! and comparing it with the mean
bare dephasing rate ' = 0.172 ps~!, we can extract a
photon-induced dephasing rate Ff; of 0.048 ps~!. To con-
vert this to a mean cavity photon number, we can use Eq.
(1) along with the measured device parameters «./27 =
477 kHz and x /27 = 200 kHz. We find #n ~ 0.107, which
gives an effective cavity temperature 7, of approximately
115 mK before refrigeration. Assuming that 7gis & T and
using the bare . of 3.00 ws~! and the dissipator-induced
Keff = Veav — Ke Of 54 ps™! (both measured from cavity
ringdown), we use Eq. (8) to calculate a final cavity tem-
perature T, of approximately 77 mK during refrigeration.
This gives an expected photon number # of 0.032 and an
expected dephasing rate Fg of approximately 0.9 ms™!.
The dephasing is suppressed due to both the reduction
of n (cooling) and the increase the of total cavity loss
rate k = k. + ke such that k > x, reducing the dephasing
rate per photon. Therefore, with active refrigeration of the
cavity mode, the limit on 7> due to thermal photon dephas-
ing is now above 1 ms, even with an external microwave
environment temperature of 115 mK. Thus, the dissipator
shows the capacity to support long-lived qubit coherence
even in systems with elevated bath temperatures.

The bath temperature of 115 mK is far above the state
of the art, which is typically around 60 mK [12]. This
is likely due to our setup using microwave attenuators
on the measurement feedline that are prone to poor ther-
malization, which was done deliberately so that thermal
photon dephasing would be visible above other dephas-
ing processes. We used a well-thermalized attenuator for
the last 20 dB of attenuation on the loss line, and so
the dissipator’s bath temperature (and thus the final cav-
ity temperature under refrigeration) is likely lower. In a
real implementation, the loss line would be terminated,
microwave terminations can be formed by encasing an
antenna in a lossy epoxy resin, providing an excellent
thermalization geometry [13]. We thus expect a dissipator
implemented with a state-of-the-art attenuator or termina-
tion to have a bath temperature of or below 60 mK and thus
to be able to cool the cavity below state-of-the-art temper-
atures. Further gains could be made by raising the filter
frequency; a small increase to 10 GHz would reduce the
excitation number to 3.3 x 10~ at 60 mK. While such low
excitation numbers are unnecessary for preventing thermal
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photon dephasing (due to the dissipator’s damping effect
described above), they raise the possibility of using the dis-
sipator for rapid and high-fidelity reset of a qubit, which we
plan to pursue in future work.

To be used for continuous cavity refrigeration, it is
essential that the dissipation we drive is frequency selec-
tive, otherwise it would cause unwanted damping of the
qubit. To test this, we perform measurements of the
qubit lifetime 7 with and without a cavity refrigeration
drive. We have measured up to the strongest dissipation
drives possible with our setup—i.e., the strongest drives
shown in Fig. 3 with g,/2m ~ 10 MHz and ycay = keff &
60 s~ '—and see no change in the mean 7 of 27 ps.

IV. CONCLUSION

We have presented a simple modular dissipator element
that can be used to induce tunable, on-demand dissipation
in a target mode. The dissipator is based on a driven para-
metric coupling between the target and a lossy mode, with
the loss coming from coupling to a terminated microwave
feedline. We have demonstrated how our dissipator can
be used with a standard circuit QED readout cavity as its
target. We can rapidly reset the cavity after measurement
and cool it below its equilibrium temperature, without
detectably affecting readout fidelity (at the 81% level) and
without reducing qubit lifetime (at the 27-ps level) or
coherence. In the case where qubit coherence is limited
by the background cavity photon population, our dissipa-
tor can be used to suppress dephasing and prolong qubit
coherence.

To add the dissipator to a standard cQED system, three
components are required: (1) the dissipator itself (a tunable
transmon coupler), (2) a high-frequency filter mode, and
(3) a fast flux line. However, parametric couplers similar
to the dissipator are already present in many superconduct-
ing quantum processor architectures. The dissipator could
therefore be integrated into these architectures with min-
imal extra complexity, as the coupler and the flux line
would be pre-existing; all that is required is to add an addi-
tional coupling to a high-frequency filter mode and to the
target system (e.g., a readout cavity). To prevent unwanted
loss on other modes (e.g., qubits that use this coupler for
gates), the filter could be designed for strong frequency
selectivity [44]; alternately, to reduce complexity, a higher
mode of a pre-existing broadband Purcell filter could be
used. It should also be possible to multiplex the dissipa-
tor, using a single dissipator to couple to multiple targets
and sequentially or simultaneously driving swaps between
them and a lossy filter mode. In the case of simultane-
ous drives, care would need to be taken to remain in the
overdamped regime so that excitations were not swapped
between targets; as we have shown, it is possible to achieve
excellent performance in this regime. Multiplexing is espe-
cially important, as multiplexed cavities sharing a readout

line can see elevated temperatures when one cavity is
driven, due to heating of attenuators and other lossy com-
ponents. Active cooling with a dissipator should alleviate
this effect.

Future work could further optimize the dissipator for
use in practical quantum processors. The filter frequency
could be raised to further lower the cavity temperature,
and its bandwidth could be reduced to allow similar dis-
sipation strength with weaker driving. The off-chip ter-
mination could instead be implemented as a thin-film
resistor either on chip or on the microwave launch, sav-
ing space. Driven dissipation is fully compatible with
pulse-shaping techniques for rapid ringdown, and the two
could be combined for even faster cavity reset. Cavity
cooling could be used to preserve coherence even with
reduced base-temperature attenuation and reduced isola-
tion from following amplifiers, removing bulk and heat
load from cryogenic setups. Cavity cooling also allows
dispersive shift, cavity linewdith, and cavity frequency to
be optimized for readout fidelity, without having to make
trade-offs to avoid photon-induced dephasing.

Future work could also use the dissipator as a source
of loss for other applications, especially unconditional
qubit reset. In a geometry like ours, this reset could be
achieved by swapping qubit excitations into a lossy dis-
sipator (which couples to the qubit via the cavity) or by
driving a low-loss dissipator (i.e., a parametric coupler)
with two tones to swap qubit excitations into a mode of
the readout cavity. The latter approach would also work
if the dissipator or coupler was instead coupled to the
qubit, as in standard tunable coupler geometries. Such reset
is useful in standard architectures, in bosonic encoding
error suppression schemes [45—47], and in the generation
and stabilization of many-body states [48,49]. The dissi-
pator’s refrigeration capability should enable high-fidelity
qubit state preparation for qubits at all frequencies. Slight
modifications could allow the dissipator to be used to
drive nonreciprocal interactions [50] or stabilize multi-
qubit entangled states [51]. Finally, the dissipator could
allow researchers to study the fundamental behavior of
quantum systems under lossy interactions, as the loss can
be made strong for a short period and then effectively
turned off during measurement.
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APPENDIX A: PARAMETRIC EXCHANGE
INTERACTION

We derive the dissipator exchange with the cavity under
the static Jaynes-Cummings Hamiltonian given in Eq. (2)
and parametric drive given in Eq. (3). Again we define
the cavity-dissipator detuning A = w, — wygiss. If the mean
dissipator frequency under driving is different from the
undriven frequency, as is the case for a flux drive on a
SQUID, we simply replace wgiss by the mean driven fre-
quency aygiss- In the dispersive regime, where g, < A, and
when the drive amplitude is small €, < A, we can derive
an analytic expression for the Rabi rate between the cavity-
qubit system by treating the drive as a time-dependent
perturbation to the Hamiltonian in Eq. (2). We denote
the bare dissipator-cavity eigenbasis as |g, 0), |e, 0), |g, 1),
le,1),...,]g,n), |e,n), as shown in the energy level dia-
gram in Fig. 1(a). Since we are interested in the transition
lg,n+ 1) < |e,n), indicated by blue arrows, we evaluate
its Rabi frequency:

1
R — E\/(a)p - A)Z + |8wg,n+1%e,n|2’ (Al)
where dw denotes the transition amplitude between the two
states. Treating the parametric drive as a perturbation to
the Hamiltonian in Eq. (2), we can calculate the transition
amplitude dw as

Bpi1cecn = W T = — L85 ng)
where V, = €y0. =€, (Ig)(g] —le){e]) is the time-
independent part of the parametric drive H,(¢) and

vl = |e,n>_mg—° en+1), (A3
Vw1 = lgn+1) + «/——Ie n) (A4)

are (up to a normalization) an eigenbasis of the Hamilto-
nian in Eq. (2), obtained by our treating the static cavity-
dissipator interaction as a first-order perturbation to the

uncoupled system. When the drive is on resonance, i.e.,
wp = A, the Rabi frequency is given by

_ \/n-l-l cEP

5wg,n+1—>e,n

Q= ="

(A5)

The transition probability of |g,n 4+ 1) — |e, n) is given by

2
P(n+1,g) < |n,e)) = (i‘%) sin® (Qrf).  (A6)

Equation (A6) shows that on resonance a full population
inversion between |g,n + 1) and |e, n) occurs at frequency
2Qg, which is first order in g/ A.

The parametric swap rate can also be derived by our
moving to a rotating frame defined by

U(t) = exp (—ioca’at) exp (—i/ a)p(t/)dt/%> , (A7)

where wp (1) = wgiss + €p sin (a)pt) is the dissipator fre-
quency under the drive modulation. In this rotating frame,
the effective Hamiltonian can be calculated from
H = UHU'+iU'T, (A8)
where H effectively generates the evolution for the state
W) U@®|y) under the Schrodinger equation H |1//)

id|y)/ot.
Substituting Eq. (A7) into Eq. (AS8), we get

H=gUdo_U'+Hc., (A9)
which allows us to evaluate the effective cavity-dissipator
coupling in the rotating frame. Denoting 6. = w.¢ and
0,(t) = % fot df w, (), one can show

exp (—i@caTa) a’ exp (i@CaTa) =a'exp(ib). (A10)
Similarly,
exp (—i0,0.) o_ exp (i6,0.) = o_e *™. (A1)
Integrating for 6, (¢), we find Eq. (A9) becomes
H=gua'o_e ~ G cosapt +H.c. (A12)
Using the Jacobi-Anger expansion
[e¢]
eizCOS@ = Z ian(Z)eine, (A13)
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where J,(z) are Bessel functions of the first kind, we arrive
at the final expression:

. . € -
H=gad'o_J (—p> e A4 He.
Wp

(o)
+galo_ Z(—i)”],, (%’) e i(hp=0) L g
1 p
(A14)

As shown in Eq. (A14), the nth sideband transition can
be turned on if we choose a drive frequency w, of A /n; the
effective qubit-cavity coupling strength is given by

€
gn = geu(—2), (A15)
w,

p
which corresponds to an n-photon transition process. In the
limit of small driving, when the first sideband is resonant
with the cavity (w, = A), this reduces to

8c€
gp=g1"§’ﬂ

N (A16)

in agreement with Eq. (A5). The analysis in the rotat-
ing frame shows that the sideband swap rate under the
drive is of the first order in g,/ A in the dispersive regime,
confirming the result from the perturbation analysis.

APPENDIX B: DRIVEN REFRIGERATION

Here we derive the amount of driven refrigeration in the
general case. At equilibrium, the undriven photon popu-
lation of the cavity ng is given by the detailed balance of
photon subtraction and addition due to the environmental
photon loss and addition rates y, and y;:

(B1)

When the drive is turned on, photon loss and addition
can also occur via the dissipator coupling with rate re
(in the underdamped case, ke = gp), and the cavity photon
population is given by

- J/c+ +Keffdiss

neg = —————, (B2)

Ve tKeft

where 74;ss 1S the photon population of the dissipator. There
is a similar equation for the dissipator:

+ _
)/diss + Keffflc

= (B3)
Vdiss theft

Ndiss =

We can substitute Eq. (B3) into Eq. (B2) and solve for #,:

Ne = J/c_._ yd_iss +K eff( 7/d-‘;_ss + yc+)

¢ == —. (B4)
Ve ydiss—i_Keff(yc +Vdiss)

We can then subtract the undriven photon number 7 from
Eq. (B2) to find

e — o = Keff (VC_ ydes — yc+ yd?ss)
. = — - .
Ye [Vgisskerr + ye (Vgiss )]

(B5)

When this is less than 0, driving removes photons from
the cavity on average and thus cools it. This holds so long
as v, ydfss < ¥ Viiss» 1-€., as long as the undriven dissipa-
tor population de{SS /V4iss 18 less than the undriven cavity
population y;/y;". In the case where the populations are
thermal, this is simply the statement that wgiss/Tvath >
w¢/ Ty, the condition given in Sec. II B.

APPENDIX C: FABRICATION DETAILS

Devices are fabricated on chips diced from a [100]
intrinsic  silicon wafer with resistivity greater than
10000 k2 cm. The chip is first cleaned with a piranha
solution consisting of sulfuric acid and hydrogen perox-
ide heated to 120°C for 10 min to remove the organic
contaminants, followed by a soak in a buffered oxide etch
solution with a 6:1 concentration (six parts by volume
of 40% ammonium fluoride and one part by volume of
49% HF) for 5 min to remove the native oxide layer on
the wafer. The chip is then coated with a bilayer stack
of electron-beam resists (methyl methacrylate EL13 and
PMMA A6). We use a 100-kV Raith electron-beam lithog-
raphy tool to realize the junctions as well as the bulk struc-
ture of the device. For the small structures (approximately
100 nm), we use a low beam current of 200 pA to achieve
fine resolution. Immediately after finishing the lithogra-
phy, we develop the sample in a 1:3 methyl isobutyl
ketone—isopropyl alcohol (IPA) solution at 0 °C and then
ash it in an oxygen plasma for 30 s at 60 W to remove
all the remaining resist residue. To minimize the dielectric
loss, the developed mask is again cleaned with the buffered
oxide etch solution for 30 s and pumped down inside an
Angstrom Engineering electron-beam evaporator within 5
min of cleaning. Josephson junctions are deposited by use
of the “Manhattan style” evaporation scheme [52,53] with
two evaporations at 40° tilt separated by a 90° azimuthal
rotation and an oxidation step for 12 min at 10 Torr. Liftoff
occurs in acetone heated to 45°C for 3 h followed by a
sonication step in IPA and methanol to clean the surface
of the sample. Finally, the device is postashed for 1 min at
60 W and coated with a protective resist before final dic-
ing. Devices are wire-bonded in gold-plated copper boxes
after removal of the protective resist layer in acetone, IPA,
and methanol solutions.

APPENDIX D: APPARATUS DETAILS

A schematic of our measurement setup is shown in
Fig. 6. All pulses are generated as single-sideband tones
by our mixing a microwave local oscillator tone in a
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FIG. 6. Experimental schematic. Qubit and cavity drives are generated with dual-channel baseband pulses fed into in-phase and
quadrature mixers and mixed with local oscillators (LOs) to create single sideband microwave pulses. The cavity drives pass through
a variable attenuator before being combined with qubit drives and fed into the fridge on a heavily attenuated and filtered input line.
At base temperature, the lines are filtered with Eccosorb infrared filters from Quantum Microwave and 12-GHz low-pass filters from
K&L. After being transmitted through the device, readout signals pass through terminated circulators (i.e., isolators) before being
amplified by a traveling-wave parametric amplifier (TWPA); the TWPA pump is generated separately at room temperature and fed in
on its own attenuated and filtered line before being coupled into the amplifier. The amplified signals are further isolated before passing
through another stage of filtering and traveling back up the fridge, through a HEMT semiconductor amplifier at approximately 4 K
and successive stages of amplifiers at room temperature, with isolation between each stage. The signal is finally demodulated with the
same LO used to generate the readout pulses, before being digitized and further demodulated in software. Microwave fast flux pulses
are generated by dual-channel baseband pulses mixed with another LO, passed through a variable attenuator, and fed into the fridge
through an attenuated and 12 GHz low-pass-filtered line. Static flux bias travels down an attenuated line with a 250-MHz low-pass
filter at base temperature, and they are combined with the microwave flux pulses with a bias tee at base temperature before being fed
into the device. The lossy “termination” line connects to the device via heavy attenuation and another K&L filter. Not shown in this
configuration, sometimes a VNA is connected to the termination line and the ordinary output line to measure transmission through the
filter. ADC, analog-to-digital converter; DAC, digital-to-analog converter; FFL, fast flux line.

Marki Microwave in-phase and quadrature mixer with two APPENDIX E: DEVICE PARAMETER
intermediate-frequency pulses from a Quantum Machines CALIBRATION

OPX unit. Readout and cavity population pulses are fed
through a variable attenuator before being combined with
qubit drive pulses and fed into the main input line. Fast flux
pulses are similarly generated and attenuated before being
fed into a separate line and then combined at low temper-
ature with dc flux bias via a bias tee. A traveling-wave
parametric amplifier is pumped with a constant tone and is
used as a first-stage amplifier for readout signals, which are
then fed through a HEMT amplifier and room-temperature
amplifiers before demodulation and digitization in the
same OPX unit. All lines are heavily attenuated and fil-
tered with K&L 12-GHz reactive low-pass filters and/or
Eccosorb absorbative infrared filters. The line connected
to the filter port (port 4) of the device is heavily attenuated
and terminated at room temperature. To measure transmis-
i T T TR 0)= e~ 70+ 50
during all other measurements. + Qiss, (ED)

Several methods are used to measure and infer the sys-
tem parameters. The spectroscopic measurements reported
in Fig. 2 are performed with a vector network analyzer to
measure transmission from port 4 to port 2 and from port
1 to port 2 as a function of drive frequency. Features in
the transmission spectrum directly give the mode frequen-
cies of the cavity and the filter w./2m = 5.594 GHz and
wr/2w = 8.6 GHz and their linewidths «./2m = 620 kHz
and k¢/2w ~ 120 MHz. The filter linewidth is approximate
as the broad line is highly non-Lorentzian. By fitting the
locations of avoided crossings between dissipator and cav-
ity and filter modes, as well as other spurious modes on
chip, we can fit the dissipator frequency to the general form
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TABLE I. Measured or inferred parameters of the device used in the experiment. The mode frequencies, qubit anharmonicity, cavity
and filter linewidths, and qubit-cavity dispersive shift are directly measured spectroscopically. Qubit-cavity coupling g4 (in the “qubit”
row) is inferred from measurements of qubit and cavity frequencies wq and w., qubit anharmonicity o, and qubit-cavity dispersive shift
x . Dissipator anharmonicity is inferred from simulations of the dissipator capacitance. Dissipator-cavity coupling g. (in the “cavity”
row) and dissipator-filter coupling g¢ (in the “filter” row) are fit from avoided crossings in spectroscopy. The qubit lifetime 7; and
Ramsey coherence time 73 are directly measured; dissipator coherence is unknown, but can be bounded as shorter than a lifetime of

0.05 s on the basis of a calculation of Purcell decay.

Frequency (GHz)  Anharmonicity (MHz)  x /27 (kHz) «/27 (MHz) g/2x (MHz) T) (us) 75 (ws)
Qubit 3.368 —175 200 e 53.9 27 4
Cavity 5.594 e 200 0.477 145 . e
Dissipator 4.2-15.3 —350 e ... <0.05 <0.1
Filter 8.6 120 535

where ¢ is the flux in the unit of flux quanta, d =
(Ey; — Eyn)/(Eyp + Ej) captures any junction asymmetry,
and ogiss /27 & —350 MHz is the dissipator anharmonic-
ity, which we extract from finite-element simulations of
its capacitance. We extract ®gissmax/27 = 15.3 GHz and
d = 0.085, leading to a dissipator frequency which tunes
from 15.3 GHz down to 4.2 GHz. We fit the avoided
crossings themselves to extract the dissipator-filter cou-
pling g¢/2m = 535 MHz and the dissipator-cavity cou-
pling g/ /2w = 118 MHz at the avoided crossing. When we
tune the dissipator into resonance with the filter, its Joseph-
son energy rises by a factor of 2.25, and so the coupling
strength g./2m rises by a factor of 2.25!/4 = 1.23 to 145
MHz [54]. We note that this value (and thus any calcu-
lated g, value) is approximate, as the mode structure may
change as the dissipator tunes through frequencies.

We take pulsed spectroscopy measurements of the qubit
to find its frequency wq and anharmonicity oq. We perform
spectroscopy of the cavity resonance with and without a
population-inverting 7 pulse on the qubit to measure the
dispersive shift x, and from it we extract the qubit-cavity
coupling g,. We measure mean qubit lifetime Ty =27 ps
and coherence 7_‘2k = 4 ps with ordinary decay and Ram-
sey experiments. Similar measurements on the dissipator
yield no signal, which is expected as the dissipator life-
time should be Purcell decay limited to below 50 ns at all
dissipator frequencies. All device parameters are shown in
Table 1.

We measure the qubit’s excited state population by driv-
ing Rabi oscillations on the |e) <> |f') transition frequency
with and without a |g) <> |e) m pulse beforehand. Taking
the ratio of the amplitudes of these two signals gives us
the ratio of the |g) and |e) state populations, and thus the
qubit temperature [55]. We find an excited state occupa-
tion of 3.4% and thus a temperature of 47 mK, typical for
transmon qubits in this frequency range. We expect that
this temperature is due to the detailed balance between
relaxation due to coupling to cold two-level systems and
excitation due to hot quasiparticles [56].

To calibrate the flux drive through the dissipator
SQUID, we first tune the dissipator through a full flux

quantum using direct current injected on the fast flux line.
We thus obtain a current-to-flux transfer function. We then
measure the microwave power in our parametric drive at
the input to the fridge, and we use the same transfer func-
tion to transform it to a flux drive amplitude. We include an
extra 3-dB attenuation to account for the extra fixed atten-
uation in the microwave flux drive line (see Fig. 6). We
do not know the exact attenuation from the coaxial cables
in the fridge, but we assume it is small at these frequen-
cies (below 3.5 GHz) and so ignore it. Once we have the
parametric drive amplitude in flux units, we convert this to
frequency units (i.e., to €,) by taking the slope of the dis-
sipator flux tuning curve fit above. The curve is not truly
linear, but in the small modulation limit that we use, the
linear approximation is correct to 1 part in 10* and so is
fully appropriate. Finally, we use Eq. (4) for conversion
from this parametric drive amplitude to a parametric cou-
pling rate, g,. We note that this procedure is vulnerable
to errors in our calibration of g. as well as the flux drive
amplitude, and so the values of g, extracted should be
viewed as approximate. One could instead use the induced
cavity loss rate k. to calibrate g, but this is “assuming the
answer” when it comes to the behavior of the driven dissi-
pation. We therefore use our approximate calibration, but
note that it closely matches the theoretical prediction.
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