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Characterization of Drive-Induced Unwanted State Transitions in Superconducting Circuits
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Microwave drives are essential for implementing control and readout operations in superconducting
quantum circuits. However, increasing the drive strength eventually leads to unwanted state transitions
which limit the speed and fidelity of such operations. In this work, we systematically investigate such
transitions in a fixed-frequency qubit subjected to microwave drives spanning a 9-GHz frequency range.
We identify the physical origins of these transitions and classify them into three categories: (1) resonant
energy exchange with parasitic two-level systems (TLSs), activated by drive-induced ac-Stark shifts,
(2) multiphoton transitions to noncomputational states, intrinsic to the circuit Hamiltonian, and (3) inelastic
scattering processes in which the drive causes a state transition in the superconducting circuit, while
transferring excess energy to a spurious electromagnetic mode or TLS material defect. We show that the
Floquet steady-state simulation, complemented by an electromagnetic simulation of the physical device,
accurately predicts the observed transitions that do not involve TLS. Our results provide a comprehensive
classification of these transitions and offer mitigation strategies through informed choices of drive

frequency as well as improved circuit design.
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I. INTRODUCTION

Superconducting circuits have emerged as one of the
leading platforms for quantum information processing,
owing to their scalable architectures, flexible designs,
and direct compatibility with microwave-based control
and measurement systems [1,2]. In this architecture, the
Josephson junction provides the essential nonlinearity,
while microwave drives underpin a broad range of oper-
ations, including qubit stabilization, manipulation, and
measurement. At the level of physical qubits, microwave
drives [3-7] are essential for implementing high-fidelity
single- and two-qubit gates [5,8—-10], and for executing
various readout (RO) protocols such as dispersive readout
[11], longitudinal readout [12], conditional displacement
readout [13], and cat-quadrature readout [14]. These con-
trol and readout operations form the basis of all discrete
variable quantum error correction codes [15,16].
Microwave drives also enable a broad set of capabilities
for bosonic quantum error correction [17,18]. They are
central to cavity control [19-22], the realization of error-
corrected quantum memories [23-29], and the stabilization
of logical qubits using techniques such as reservoir
engineering [30,31] and Hamiltonian engineering [14,32].

One of the limitations for the fidelity of such operations
comes from the decoherence of the physical qubit, leading
to incoherent errors. The probability of such errors can be

Published by the American Physical Society
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reduced by increasing the speed of the operations, achieved
by increasing the strength of the microwave drive.
However, as the drive strength increases, the system
experiences drive-induced unwanted state transitions
(DUST). Such deleterious transitions can happen either
between the computational states [27,33,34] or between the
computational states and the noncomputational states
[35-46]. The onset of errors caused by these transitions
limits the drive strength the qubit can tolerate, and hence
the maximum speed and fidelity one can achieve for
quantum operations. DUST has been investigated in differ-
ent superconducting circuit implementations, such as trans-
mon [33,35,36,40], fluxonium [43,45-47], and driven
stabilized cat qubits [14,22,32,42,48,49]. However, in
experiments, the understanding and mitigation of DUST
are challenged by the existence of multiple competing
mechanisms leading to similar observations. Can we parse
the mechanisms of DUST observed in an experimental
device and systematically avoid them in the design phase of
the circuit?

In this work, we answer this question affirmatively
by experimentally discriminating three distinct mecha-
nisms responsible for DUST in a fixed-frequency 3D
transmon.
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A. Qubit brought into resonance with a spurious mode
by ac-Stark shift

The transmon can resonantly exchange energy with a
spurious mode, such as a two-level system (TLS) in the
environment, leading to transmon decay, as shown in
Fig. 1(b). This mechanism had previously been reported
to be responsible for the reduction of the lifetime of driven
superconducting qubits [27,33,34].

B. Intrinsic multiphoton excitation

Multiple drive photons are resonantly absorbed at once
to excite the transmon to a noncomputational state
[35,36,40-43]. For example, the transmon can absorb
two drive photons and transition directly from the ground
state to the fourth excited state, as shown in Fig. 1(c).

C. Inelastic scattering involving external modes

The drive causes a transmon transition and scatters into
the transmon environment at a different frequency [45], as
shown in Fig. 1(d). The rate of such a process is governed
by the real part of the environmental impedance ReZ,,,
seen by the transmon [see Fig. 1(e)] at the frequency w, of
the scattered photon [50]. The environment external to the
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FIG. 1.

15 20 25 30
Frequency (GHz)

Mechanisms of drive-induced unwanted state transitions in a transmon. (a) An illustration showing a transmon in a 3D cavity.

The fundamental mode of the cavity plays the role of the readout (RO) resonator. Any parametric drive, including the readout pulse, is
delivered through designated ports coupled to the cavity. The qubit is defined by the two lowest levels of the cosine potential of
tranmson. (b) Mechanism A. Resonant exchange of energy between the qubit and a spurious mode, e.g., a two-level system (TLS).
Under the drive, the transmon experiences ac-Stark shift and the qubit tunes into resonance with one or more TLSs near the qubit
frequency. Such an exchange depends only on the amount of ac-Stark shift experienced by the qubit, and not on any frequency-matching
condition involving the drive frequency. (c) Mechanism B. Intrinsic multiphoton excitation of the transmon by absorbing multiple drive
photons, due to its nonlinearity. When the energy gap between the initial and a higher excited state matches an integer multiple of the
drive frequency (within selection rules), the transmon is excited through this multiphoton process. (d) Mechanism C. Inelastic scattering
of the drive off the transmon, causing it to either excite or relax while transferring the excess energy to the environment. (e) The
transition rate of mechanism C depends on the real part of the impedance seen by the transmon at the emission frequency [50]. In a
realistic system, the transmon is coupled to a complex impedance network Z[w] whose details are often unknown to the experimentalist.
The peaks in ReZ,,, correspond to additional modes arising from device geometry or material defects, that couple to the transmon.
(f) Simulated ReZ[w] of the 3D transmon shown schematically in (a), showing multiple resonances due to spurious electromagnetic
modes. Material defects introduce additional modes, not shown here, further crowding the spectrum.
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transmon contains several known and unknown degrees of
freedom. Whenever such a mode is present in the transmon
environment at the frequency w;, the rate of the process is
enhanced. For example, the electromagnetic modes of the
cavity or package itself give rise to several peaks in
ReZ.,, [w] that can be extracted from an electromagnetic
simulation of the entire package [51,52]. We show the
response associated with the readout mode (EMO0) and the
other spurious electromagnetic modes (EM1-EM9) in
Fig. 1(f) of our package as an example of such an analysis.

To reveal the DUST mechanisms in our experimental
device, we perform a time-resolved pump-probe spectros-
copy on the fixed-frequency transmon. In this experiment,
we initialize the transmon in either the ground state or the
first excited state and apply a pump pulse of variable
frequency and power to it. We then measure the final state
populations of the transmon to quantify the probability of
unwanted transitions. The resulting transition probabilities
exhibit several resonant features that occur under specific
drive conditions. We categorize these observed features into
the three DUST mechanisms (A—C) through a sequence of
checks: Features that do not show an explicit dependence on
the drive frequency but solely depend on the induced ac-
Stark shift are attributed to mechanism A, resonant exchange
with a spurious mode. In contrast, both mechanisms B and C
result in features that have both drive frequency and power
dependence. To further discriminate between mechanism B
and C, we perform a driven steady-state simulation of a
model Hamiltonian containing only the transmon mode. By
comparing the simulation results with the experimental
transition map, we identify all the features arising from
mechanism B, intrinsic multiphoton excitations. Finally, we
attribute the remaining features to mechanism C, inelastic
scattering involving external modes. By investigating the
frequency dependence of these features, we pinpoint the
environment modes involved in such inelastic scattering
processes. The majority of the features are explained by
spurious rf modes predicted by a finite-element electro-
magnetic simulation of the experimental device. We attrib-
ute the remaining few features to inelastic processes
involving material defects with unpredictable frequencies.

Our experimental data show that, for a given device,
certain drive frequencies are less susceptible to DUST.
Such frequencies can be chosen for engineering readout or
control drives to maximize the fidelity of these operations.
We underscore that most of the observed transitions are
predictable through a driven transmon simulation and
electromagnetic environment simulation. These simula-
tions should be a guide for device design and frequency
allocation in experiments with superconducting circuits.
The mechanisms of drive-induced state transitions that
we uncover, as well as the diagnostic spectroscopy tech-
nique that we develop, are relevant to all superconduct-
ing nonlinear circuits, including fluxonium [6,53],
multimodal circuits [54-57], superconducting nonlinear

asymmetric inductive element (SNAIL) [58], and various
couplers [38,59-62].

This article is organized as follows. Section II describes
the results of the time-resolved pump-probe spectroscopy
experiment. Sections III and IV investigate mechanisms A
and B, respectively. Section V demonstrates how all the
intrinsic multiphoton transitions (mechanism B) are iden-
tified through Floquet simulations. Section VI illustrates
the experimental evidence for mechanism C. Section VII
presents a two-mode Floquet analysis simulating a higher-
order inelastic scattering. Section VIII highlights an exper-
imentally observed inelastic process assisted by a TLS.
Finally, Sec. IX concludes the article by summarizing the
results and discussing the design strategies to suppress such
unwanted transitions.

II. SPECTROSCOPY OF DRIVE-INDUCED
UNWANTED STATE TRANSITIONS

We perform the time-resolved pump-probe spectroscopy
on a fixed-frequency transmon with frequency w,/27 =
4.5285 GHz and anharmonicity «a,/27 = —184.2 MHz.
The pump is sent through a dedicated drive port. The
filtering and cryogenic attenuation of the input drive line
are engineered for power delivery across a wide frequency
span, ranging approximately from 2.8 to 11.8 GHz, while
maintaining the qubit coherence. The readout resonator has
a frequency ®,/27 =9.0342 GHz and a linewidth
k/2m = 7.20 MHz. The qubit state dispersive shift of the
resonator is y/2z = —1.23 MHz. The dispersive shift is
chosen to be smaller than the readout resonator linewidth to
resolve multiple transmon states through a single-shot
readout. The details of the device parameters and the
readout performance are discussed in Appendix A. In
the pump-probe experiment, we prepare the transmon in
either |0,) or |1,) and apply a 1-ps-long stimulation drive of
varying frequency and power. Then we add a wait time of
400 ns for any residual photons to leave the cavity. Finally,
we perform a readout of the transmon to measure the final
populations of the transmon states, P(0,), P(1,), P(2,), and
P(rest), where P(rest) =1— P(0,) — P(1,) — P(2,). The
pulse sequence of the experiment is shown in Fig. 2(a).

The displacement of the transmon induced by the stimu-
lation drive [42] depends on the detuning of the drive from
the qubit frequency. Moreover, the effective drive power
reaching the transmon is filtered by a frequency-dependent
transfer function. To ensure a consistent calibration across
the full drive-frequency range, we quantify the drive power
in terms of the induced ac-Stark shift A¥, on the transmon.
At each frequency, we fit the measured A§" versus applied
power to extract a calibration slope, which we then use to
rescale the entire power sweep from AY = 0 to A = a,,
where a, is the transmon anharmonicity.

As an example, we show the result of this experiment for
a given drive frequency, w,/27x = 7.97 GHz, in Fig. 2(b).
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FIG. 2. DUST in a fixed-frequency 3D transmon. (a) Pulse sequence for the experiment. The transmon is prepared in the excited state
with a 7 pulse followed by a 7., = 1 ps stimulation pulse. The frequency w, and the power 7, of the pulse are swept. The final state of
the transmon is measured by single-shot readout after each experiment. (b) Example of unwanted transitions from |1,) of the transmon
when it is driven at a frequency w,/2x = 7.97 GHz. Final populations of transmon state are plotted as a function of the drive power. The
drive power is calibrated through the drive-induced ac-Stark shift on the qubit, normalized by the transmon anharmonicity.
(c) Transitions from |1,) of the transmon measured by the two-tone spectroscopy with variable drive power and frequency. The
color plots show the transition probability from the |1,) of the transmon at the end of the stimulation pulse. Data for |0,) initialization is
shown in Appendix B. The plot reveals multiple resonant features, showing distinct transitions at particular combinations of drive
frequency and power. We label the prominent transitions above the qubit frequency with roman letters A—P. For drive frequencies below
the qubit transition, the resonances appear as densely packed features. We do not assign individual roman letters to these transitions and
instead label them as Ry, R,,...,R,. The blue labels (O and P) correspond to resonant exchange with spurious modes. The green and
magenta labels correspond to intrinsic multiphoton resonances and inelastic scattering processes, respectively. The qubit and the readout
frequency are shown by the vertical green and violet lines, respectively.

In this experiment, we prepare the transmon in |1), and plot
the final transmon populations as a function of drive power.
At zero drive strength, the |1,) population is 93%, limited
by state preparation and measurement errors and natural
decay during the wait time. When the induced ac-Stark shift
equals [AZ /a,| = 0.055, the transmon hits a resonance and
it rapidly decays to |0,). At |A¥/a,| = 0.155, a second
resonance excites the transmon to a noncomputational
state. At even higher powers, we observe a broadened
feature, primarily exciting the transmon to noncomputa-
tional states, along with relatively smaller population
transfers to |0,) and |2,) at specific drive powers.

In Fig. 2(c), we plot the total transition probability,
1—P(1,), as a function of both the pump power and
frequency in the pump-probe spectroscopy experiment.
The gray regions show the parameter space where we
interrupted the sweep as the power exceeds the linear
regime of the room-temperature setup (above 11.5 GHz and
below 3 GHz). For visual clarity, we also interrupt the
sweep where the drive frequency approaches the qubit
frequency (marked by the green line), which would other-
wise activate off-resonant Rabi oscillations either between
|0,) and |1,) or |1,) and |2,) [63]. The experimental results
reveal a landscape of state transitions as a function of drive

frequency w, and drive power. These transitions exhibit
distinct resonant features, with the transition probabilities
peaking at specific combinations of frequency and power.
To refer to specific transitions in this plot, we label them
with roman letters.

Most resonances appear as lines with positive or negative
slopes in the (@, AY) plane, representing decay and
excitation processes, respectively. In addition, we observe
quasihorizontal resonant features that depend only on the
induced ac-Stark shift, and not explicitly on the drive
frequency. We label two such transitions by O and P in
Fig. 2(c). A dense set of transitions, labeled Ry, R,, ...,
R,,, appears when the drive frequency is below w,. With
increasing drive power, the sloped resonances broaden in
frequency. Some transitions, such as E, F, and M broaden
more significantly than others (e.g., A, D, G, and I). In
addition, these broadened transitions also exhibit temporal
fluctuations, giving them a “fuzzy” appearance at large
drive powers.

We observe similar resonant features when we prepare
the transmon in the ground state (see Appendix B for
details). For the remainder of the article, we focus on the
underlying mechanisms responsible for these transitions
and classify all labeled transitions into distinct categories.

011011-4
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For each category, we discuss design strategies that can
predict and suppress these transitions.

III. ac-STARK-SHIFT-INDUCED RESONANT
EXCHANGE WITH A SPURIOUS MODE

We first focus on the quasihorizontal features in
Fig. 2(c). These features arise from interactions of the
transmon with a dissipative bath of discrete modes, such as
two-level systems. In this article, we refer to any saturable,
spurious degree of freedom of unknown origin that exhibits
slow temporal drift or discrete switching as a TLS [65]. The
static transmon-TLS interaction is usually modeled as a
transverse bilinear coupling. When the dressed transmon
frequency, @, = w, + AY, becomes resonant with the
frequency of a TLS, the transmon exchanges energy with
the TLS at a rate given by their transverse interaction
strength [66]. If the TLS is cold and dissipative, this leads to
decay of the transmon from |1,) to |0,). Such processes are
known to limit qubit 7'} times [27,33,67,68]. If the TLS is
thermally populated, it can also induce excitations in the
transmon upon a resonant exchange. Furthermore, when
the coupling strength g is comparable to or exceeds the TLS
dissipation rate y, coherent energy swapping can occur,
leading to non-Markovian dynamics between the transmon
and its environment [69,70].

In Fig. 3(b) we magnify the transitions labeled P and O
in Fig. 2(c). Transition P displays coherent dynamics when
the transmon is tuned into resonance with a TLS. We
analyze this interaction in more detail in Appendix G. The
apparent slow drift of the transition as we change the drive
frequency is caused by the temporal drift of the TLS
frequency itself.

To further probe the temporal frequency drift of the TLS
environment, we utilize the ac-Stark shift as a knob to
sweep the transmon frequency. We fix the drive frequency
to be w,;/27 =7 GHz where we can tune the qubit
frequency by more than 200 MHz, without causing any
unwanted transitions arising from the other two mecha-
nisms. This silent window is chosen by inspecting the
landscape in Fig. 2(c). This technique is analogous to flux
tuning a SQUID transmon [67,70,71], or a fluxonium [72]
in order to characterize its environment.

In this experiment, we initialize the transmon in |1,) and
turn on the drive for 5 ps followed by a readout to measure
the population transfer P(1, — 0,). Note that we have
increased the drive duration from 1 ps in the previous
experiment to increase the contrast and identify weakly
coupled TLSs in the environment. We observe several
distinct loss peaks (hot spots) at particular values of the ac-
Stark shift, at which the transmon tunes into resonance with
an individual TLS. We monitor these TLS hot spots for
about 22 h to investigate their temporal fluctuations as
shown in Fig. 3(c). The temporal change in the TLS
environment consists of several different timescales
ranging from minutes to hours. Some TLSs exhibit a
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FIG. 3. Qubit brought into resonance with a TLS by ac-Stark
shift. (a) The transmon experiences a drive-induced ac-Stark
shift, bringing the shifted |1,) level into resonance with a
dissipative TLS, relaxing the transmon into the system’s thermal
ground state. (b) Magnified section of Fig. 2(c) to highlight two
prominent features P and O showing a transmon relaxation due
resonant exchange with TLS. (c) Temporal change of the TLS
environment, probed through the decay probability of the trans-
mon, as a function of normalized ac-Stark shift. The TLS bath
exhibits both quasicontinuous drift and telegraphic-noise-like
switching when monitored over ~22 h. The frequency of the
drive inducing the ac-Stark shift is chosen such that the drive does
not activate other detrimental transitions.

quasicontinuous frequency drift, while others show a
telegraph-noise-like  switching between well-defined
frequencies. In addition, some TLSs appear and disappear
from the spectroscopic range in the span of several hours.
These observations are consistent with previously reported
behavior of TLSs [67,68,73,74].

IV. INTRINSIC MULTIPHOTON RESONANCES

Most features in Fig. 2(c) appear as sloped lines, some
of which exhibit additional curvature at higher powers.
A subset of these transitions is explained by mechanisms
intrinsic to the ideal transmon circuit itself, i.e., those
captured by the driven transmon Hamiltonian,

H =4Ec(h —n,)? — E;cos(() + Egi cos(wgt), (1)

where E is the charging energy of the transmon, E; is the
Josephson energy, ¢ and 7 are, respectively, the phase and
charge operators, and n,, is the offset charge. We denote the
eigenstates and eigenenergies of Eq. (1) as |i,), ;, respec-

tively, and define the transition frequency w;; = w; — ;.
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To illustrate an intrinsic multiphoton excitation, we focus
on the transition labeled E in Fig. 2(c). This feature
corresponds to a resonant process that annihilates two
drive photons to excite the transmon from state |1,) to state
|5,) in a six-wave-mixing process, as shown in Fig. 4(a). We
can follow a perturbative approach to understand the
resonance condition for this process—both where it occurs
in drive-frequency space and why it appears as a sloped line
in the drive-frequency vs drive-power plot. The undriven
energy difference between |1,) and |5,) is experimentally
found to be w;5/27 = 16.084 GHz. Thus, in the weak
drive limit, the resonance condition is met when the drive is
applied at w,/27 = (w;5/27)/2 = 8.042 GHz. As the
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FIG. 4. Intrinsic multiphoton transition to noncomputational

levels of the transmon. (a) A schematic showing a resonance
condition that annihilates two drive photons to excite the transmon
from |1,) to |5,) (b) A magnification of the measured P(1, — L)
transition, highlighting the feature E. The white solid line repre-
sents the driven resonance condition, @5 ~ w5 + 4AY = 2wy,
from the leading-order perturbation theory. Although the theory
shows decent agreement at low power, it deviates at a higher drive
power. (c) Branch analysis [40] of the transition, showing a branch
swap between |1,) and |3,) for w,/2z = 8.05 GHz at a relatively
low power, |£|? = 0.1. (d) When driving at w,/2z = 7.825 GHz,
the same transition as in (c) now occurs at a higher drive power,
|€]* ~ 1.1, due to the ac-Stark shift. An additional branch-swapping
event occurs at |£|? = 1.7, involving the state |I1,) that has itself
experienced multiple prior branch swaps. At high drive powers,
several such transitions become activated and hybridize with each
other. The corresponding resonance conditions are sensitive to
offset charge, resulting in a broad, fuzzy feature in the ensemble-
averaged experimental data.

drive power increases, the transmon levels experience
ac-Stark shift; within the quartic approximation, this is
given by A¥X = ZAX for level |£,), where A% = £q, /2 is
the ac-Stark shift of the qubit-transition frequency, and

£— 2nzprwy @ (2)

2 2
w;—wy h

is a dimensionless number measuring the displacement of
the transmon mode, where nyp is the zero-point fluctuation
of the charge operator. See Appendix B 2 for a derivation of
the expressions for £ and AfF.

The transition frequency therefore approximately
shifts to @5 = w5 +4A7 in the presence of the drive.
Thus, to leading order, the resonance condition is
w;=w5/2+2A%¥, shown as a white line in Fig. 4(b).
This simple expression is in good agreement with the
experimental data at low drive powers. As the drive power
increases, higher-order interactions and cascaded processes
also become relevant, and the main transition further
hybridizes with several secondary transitions. In this case,
a higher-order perturbation theory becomes necessary,
including all relevant processes, even those outside of
rotating wave approximation (RWA) as shown in Ref. [42].
However, previously developed perturbative approaches
involve an explicit expansion of the cosine potential, and
thus cannot capture the effects of offset-charge dependence
of these transitions.

Floquet steady-state simulations provide a natural alter-
native for analyzing such strongly driven systems. These
simulations account for the periodic nature of the drive and
can accurately predict the intrinsic multiphoton resonances
in the driven transmon Hamiltonian, given by Eq. (1).
Unlike perturbation theory, the Floquet formalism does not
require expansion of the cosine potential or truncation of
the order of interaction, and has been previously applied to
explain and predict the behavior of driven superconducting
circuits [40,44,75,76]. These resonances can be visualized
by performing a so-called branch analysis [37,39,40],
where the Floquet modes are tracked as a function of
the drive strength; see Appendix D2 for details. In the
absence of multiphoton resonances, the resulting branches
appear as nearly horizontal lines (with small slopes
indicating ac-Stark shift). When a multiphoton resonance
occurs, two branches swap.

In Fig. 4(c), we show the branch analysis performed at
drive frequency w,/27 = 8.02 GHz, marked with the
dashed black line in Fig. 4(b). The branch swap between
11,) and |5,) further confirms the intrinsic multiphoton
transition process. We perform another branch analysis at a
smaller drive frequency w, /27 = 7.825 GHz, at which the
resonance condition is met at a higher drive power [see the
gray dashed line in Fig. 4(b)]. We find that at stronger drive
powers, the state |3,) further hybridizes with another
noncomputational state |1~1 .) through several branch swaps.
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In the Floquet simulation, the branch swaps occur at
particular drive powers. Thus, the resonances are expected
to appear like sharp lines, up to the power broadening of
these transitions. In experiments, however, we observe that
the broadening of these transitions is not solely explained
by power broadening. We understand the smearing and the
“fuzziness” of the transition at higher power once we take
into account the drifting offset charge (n,) of the transmon
island. As n, drifts over the timescale of a single experi-
ment, the resonance condition shifts accordingly [35,36,44].
Consequently, the measured population, averaged over
many single-shot readouts, appears fuzzy or smeared due
to this temporal offset charge variation. In addition, when
the drive activates resonances between one noncomputa-
tional transmon state to another, it connects |1,) to multiple
final states, each with its own n, dependence. The charge
dispersion of these levels scales exponentially with the
transmon excitation number [64,77]. Thus, we expect a
stronger dispersion of the resonance condition at stronger
drive powers as multiple noncomputational states partici-
pate in the transition. Consequently, the observed signal
reflects a mixture of these overlapping, charge-sensitive
states. See Appendix J for a detailed discussion on the n,
sensitivity of these transitions.

V. IDENTIFYING INTRINSIC TRANSITIONS AT
DIFFERENT FREQUENCIES

We identify all intrinsic multiphoton transitions in
Fig. 2(c) by performing a Floquet simulation for the entire
frequency range of the pump-probe spectroscopy experi-
ment. While the branch-analysis technique provides a
systematic approach for labeling transitions, it becomes
visually complicated when the drive frequency and offset
charge are swept. Therefore, to compare the experimental
data with Floquet simulation, we compute the hybridization
parameter [42,76],

2, (3)

which quantifies the degree of hybridization with higher-
lying states. Importantly, ©(j,) calibrates out any hybridi-
zation due only to drive-induced ac-Stark shift through the
definition of the ideal-displaced state |j,(€, w,)) [42] [see
Appendix D for details on the definition of |j,(£, w,)) and
the procedure for assigning transmon labels to the Floquet
modes]. Thus, ©(j,) remains close to zero in the absence of
multiphoton resonances, when the Floquet states are well
approximated by the displaced transmon eigenstates.
However, ©(j,) experiences a sharp increase when the
drive condition satisfies a multiphoton resonance involving
a noncomputational state.

To detect all intrinsic transitions that arise from the
transmon Hamiltonian itself, we compute ©(1,) over the
same range of frequencies as in Fig. 2(c); see Fig. 5(b)
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FIG. 5. Identification of intrinsic multiphoton transitions
through Floquet simulations. (a) Experimental data showing
transitions from |1,), same as Fig. 2(c), with the labels high-
lighting only the intrinsic multiphoton transitions. (b) Floquet
steady-state simulation result showing the hybridization ©(1,)
between the driven computational state |1,) with driven non-
computational states. Plotted results are averaged over a uniform
distribution of n, values.

[results for ©(0,) are shown in Appendix B]. The range of
the drive amplitudes is chosen such that the induced ac-
Stark shift is consistent with the experiment. We conduct
the Floquet simulation with randomized n, and the
averaged ©(1,) is plotted. The transition lines broaden
as the drive power increases, due to both the strength of the
processes scaling with drive power as well as the n,
sensitivity of the resonance conditions. By averaging over
n,, we mimic the experiment where the offset charge is an
unknown parameter that is typically quasistatic on the
timescale of a single shot, but fluctuates between shots [44].
The Floquet simulations predict the experimentally
observed drive conditions for activating multiphoton tran-
sitions for multiple features shown in Fig. 5(a).

We label the transitions above the qubit frequency w,, in
Fig. 5(b) by performing a branch analysis with n, = 0.25.
As in Fig. 4(c), this is generally done at a frequency only
slightly negatively detuned from the bare-resonance con-
dition, for ease in identifying the state(s) involved. As
introduced in Sec. IV, the branch analysis reveals that
multiple levels can be hybridized simultaneously at certain
frequencies, leading to complicated transitions beyond the
simple crossing of two levels. For instance, the rightmost
feature in Fig. 5(b) is a resonance between transmon
states |1,), |7,), and |11,). For drive frequencies below
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w,, we observe a dense set of transitions into leakage states.
These features arise due to the transmon’s weakly negative
anharmonicity, which results in a ladder of closely spaced
transitions from |1,) to higher levels |(1 + n),), absorbing n
drive photons. This set of excitation-number preserving
multiphoton resonances has been previously reported [36]
in a driven transmon. Our data demonstrate the predictive
power of the Floquet simulation in identifying the drive
conditions for intrinsic multiphoton resonances. In princi-
ple, from the Floquet simulation, one can also extract the
rate of these transitions for a given drive condition.
However, in this work, we have not explicitly connected
the hybridization parameter @(j,) and the experimentally
measured transition probability. We provide the code
used for these simulations as the open-source package
floquet [78].

Note that the accuracy of the Floquet simulation pre-
dictions depends crucially on the underlying Hamiltonian.
First, any deviation of the transmon potential from the
cosine shape caused by either higher Josephson harmonics
in tunnel junctions or stray lead inductance will modify the
spectrum [79] and thus the onset of these transitions.
Second, any spurious degrees of freedom that participate
in the junction will activate additional transitions. Indeed,
we observe that only a handful of transitions recorded in the
experimental spectrum are reproduced in the Floquet
simulation based on the Hamiltonian in Eq. (1). In the
following sections, we elucidate the physical origins of
these “extrinsic” DUST mechanisms and develop a phe-
nomenological framework to predict and mitigate their
impact in driven quantum circuits.

VI. INELASTIC SCATTERING INVOLVING
SPURIOUS MODES

In the previous section, the static circuit Hamiltonian for
the Floquet simulation includes only the isolated transmon
consisting of a Josephson junction and a shunting capacitor.
However, in a realistic system, the transmon is unavoidably
coupled to a more complex environment. This includes the
fundamental mode and higher harmonics of the readout
circuitry [80], as well as spurious package modes. Such a
coupling leads to additional DUST mechanisms. Indeed,
the experimental data reveal several resonancelike transi-
tions arising from inelastic scattering processes involving
the spurious electromagnetic modes.

Such an inelastic scattering process either annihilates n
photons from the drive and excites the transmon |i,) — |j,)
or causes the transmon to relax |1,) — |0,). The excess
energy is emitted into the environment in the form of n
photons at a frequency w. The strength of this process
depends on the transmon environment Re(Z[w]), and is
enhanced whenever there is a resonant mode coupled to the
transmon at the emission frequency @, [50]. As an example,
in Fig. 6, we show two such inelastic scattering processes,
mediated by a spurious mode at w,/2z = 15.07 GHz.
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FIG. 6. [Inelastic scattering processes assisted by a spurious
electromagnetic mode. (a) Left: a two-mode squeezing proc-
ess activated by the drive, exciting the transmon from |1,) to |2,),
and simultaneously exciting the spurious mode at w,/27 =
15.07 GHz. Right: corresponding transition, identified in
Fig. 2(c), labeled by I. The white dashed line shows the expected
resonance condition @, ® wy, + A¥ = 2w, — w, from a lead-
ing-order perturbation theory. (b) Left: a two-mode conversion
process, mediated by the same spurious mode, activated at a
different drive frequency. This process absorbs two drive pho-
tons, annihilates one quantum of energy from the transmon
causing it to decay from |1,) to |0,), and releases the energy into
the spurious mode at w,. Right: this transition is identified with
the label A in Fig. 2(c), and the white dashed line represents the
resonance condition =y = —wy — A = 20,4 — w,.

This mode is independently confirmed in experiment (see
Appendix F for details), and is further identified as the TE103
mode of the readout cavity from electromagnetic simula-
tions. Figure 6(a) shows a two-mode squeezing process that
annihilates two drive photons to excite the transmon from
|1,) = |2,) and releases the excess energy into the dissipative
spurious mode. As the drive power increases, the transmon
levels experience ac-Stark shift, thus meeting the resonance
condition at a lower drive frequency. The resonant feature
therefore has a negative slope in the spectroscopy plot,
similarly to the intrinsic processes described in Sec. IV. This
mode can also mediate a two-mode conversion process that
absorbs two drive photons, annihilates a qubit excitation,
and emits a photon into the dissipative spurious mode [see
Fig. 6(b)]. As the qubit frequency decreases with increasing
drive power due to the ac-Stark shift, the resonance condition
is satisfied at higher drive frequencies. Consequently, the
resonant feature in the spectroscopy plot has a positive slope.
The white dashed line in each plot represents the expected
resonance condition from leading-order perturbation theory,
and is in agreement with the experimental data at lower drive
powers.
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In the current section, we show examples of only single-
quantum excitations and relaxations mediated by spurious
electromagnetic modes. However, this mechanism addi-
tionally introduces channels for multiquanta excitations of
the transmon through higher-order mixing processes. We
discuss these processes in detail in Sec. VII. In general, for
each spurious mode coupled to the transmon, a transition
can occur if the resonance condition ((7),»(1-+f) + mw, =
nwg, Y{¢,m,n} €Z) is satisfied, where w; is the
frequency of the spurious mode. The symmetry of the
transmon potential ideally imposes a selection rule for these
transitions, allowing only those where (£ + m + n) is even.
Note that this selection rule can be broken under nonzero
offset charge [44]. To identify all the modes that participate
in such processes, we perform a finite-element electromag-
netic simulation of the package up to 30 GHz. These
simulated eigenmodes explain the family of transitions A,
D, G, I, J, and N, within a leading-order perturbation
theory and a quartic approximation of the transmon
potential. We label these transitions by bold magenta letters
in Fig. 2(c). See Appendix F for details on how we identify
and label these transitions through rf simulations. Our
findings underscore that package modes, even far above the
frequency of the qubit, can contribute significantly to
DUST. For example, the package mode EM9 around
28 GHz is responsible for the resonant feature N in
Fig. 2(c). Hence, it is important to engineer the frequencies
of these parasitic modes and simulate their impact on the
driven circuit while designing the layout.

VII. HIGHER-ORDER INELASTIC
SCATTERING PROCESSES

Although a leading-order perturbation theory predicts
most of the observed inelastic scattering processes that
involve a spurious mode, some transitions remain unex-
plained. This simple theory holds only for weak drive
powers when the transitions are governed by low-order
mixing processes. In experiments, higher-order processes
involving spurious modes are often significant, and indeed
can help mediate intrinsic multiphoton transitions. As an
example, in Fig. 7(a) we focus on the experimental data for
arange of drive frequencies between w, /27 = 10 GHz and
wy4/27x = 11.5 GHz. The feature labeled M is identified as
two dominant transitions |1,) — |7,) and |1,) — |11,), as
verified from the Floquet simulation and a branch analysis.
However, the two prominent features K and L remain
absent in the Floquet simulation data shown in Fig. 7(b),
indicating that these are mediated by spurious electromag-
netic modes of the system.

Indeed, we expect an inelastic scattering process involv-
ing the readout mode near w,/2z = 10.7 GHz, as shown
by the black dashed line in Fig. 7(a). This is a six-wave-
mixing process where two drive photons are converted into
an excitation in the readout resonator and three excitations
in the transmon. We use the notation 1,0 — 4, 1 to describe
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FIG. 7. Inelastic scattering process causing multiexcitation of

the transmon. (a) Experimental data and (b) its comparison with a
transmon-only Floquet simulation. The features labeled K and L
do not appear in the Floquet simulation, suggesting that they
involve excitations of an external mode. The dashed black line in
(a) is an expected resonance condition involving the transmon
and the readout resonator, assuming a quartic approximation of
the transmon potential and which strongly deviates from the data
at higher power. (c) Floquet simulation of the driven Hamiltonian
that includes the transmon and the RO. In addition to the intrinsic
transitions within the transmon circuit, the simulation accurately
predicts the joint excitations of the transmon-resonator system.

this process, with the two elements of the tuple representing
the transmon and resonator excitations, respectively.
Although the resonance condition agrees in the zero drive
power limit, the experimental data show no agreement to
this simple theory at higher drive powers. To explain the
experimental data, we perform a Floquet simulation, with a
larger system Hamiltonian that includes both the transmon
and the readout mode; see Appendix E for details.
Remarkably, the Floquet simulation captures both the shape
and location of the resonance features, confirming that
these transitions are inelastic processes mediated by the
readout mode.

From a branch analysis at lower drive powers, we
identify both features K and L as inelastic scattering
processes involving the readout mode, as shown in
Fig. 7(c). The feature L is confirmed to be the 1,0 — 4,
1 process, while resonance K is identified tobe 1,0 — 7, 1.
Note that these transitions may further couple to other
multiphoton processes involving higher levels of the
transmon, thus inheriting significant sensitivity to offset
charge.
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It is thus critical to simulate the effect of these electro-
magnetic modes in the relevant drive frequency range,
when designing physical circuits. In principle, a Floquet
simulation with the system Hamiltonian that includes all
the relevant electromagnetic modes should accurately
predict the experimental DUST spectrum. However, this
approach is not scalable, as the dimension of the Hilbert
space grows exponentially with an increasing number of
modes, and the computational cost of the Floquet simu-
lation eventually becomes impractical. Building an efficient
analysis framework that accounts for the Josephson poten-
tial along with its environment remains an open question.

VIII. TLS-ASSISTED INELASTIC SCATTERING

In the previous section, we established that a spurious
electromagnetic mode of the device or package may
hybridize with the transmon and contribute to DUST.
Such processes are also mediated by other spurious degrees
of freedom such as a TLS defect [35]. Unlike the resonant
exchange with a TLS near the qubit frequency, discussed in
Sec. 11, these transitions are activated by mixing processes
involving a TLS far detuned from the qubit frequency. In
Fig. 8, we focus on one such transition identified from the
broadband spectroscopy data [labeled B in Fig. 2(b)].

From the readout signal, we identify this transition as a
single-quantum excitation of the transmon from |1,) to |2,).
This transition is consistent with a two-mode squeezing
interaction between the transmon and an extrinsic mode
around 8.17 GHz. However, the broken line corresponding
to the transition peak suggests that this extrinsic mode is
switching between two well-defined frequencies spaced by
15 MHz. This switching behavior makes the transition
distinct from those discussed in Sec. VI which arise from
stable electromagnetic modes of the system. To further
characterize this transition, we monitor the single-shot
readout data (see Appendix I for details) and observe a

W12 + Wrs = 2wy 180 \\
— 0.6
N
I =
= ~
- L i )
& 90 '-_'B 03 5
Bo K Q
g
0.0
0 1 1
6.19 6.25

wq/2m (GHZz)

FIG. 8. Spurious transition caused by inelastic scattering
assisted by a TLS with a switching frequency. Left: as the
TLS switches between two frequencies, the combination of drive
frequency and power at which the transition is activated also
switches between two sets of values. Right: measured population
of the transmon state |2,) under the drive. As the TLS switches its
frequency twice during the timescale of the experiment, the
resonance appears as a broken line.

telegraphic “on-off” switching behavior. The timescale of
switching of this resonance is several minutes, similar to
some of the slow switching TLS we observe near the qubit
frequency as shown in Fig. 3(c). We thus infer that this
switching resonance is mediated by a strongly coupled TLS,
at a switching frequency wrys/27 = {8.17,8.185} GHz

Although we show only a four-wave-mixing process
involving a TLS, in principle, they can also contribute to
higher-order mixing processes. Our results emphasize that
TLS can mediate deleterious transitions even when these
TLSs are far detuned from the qubit frequency. Unlike the
electromagnetic modes that can be accounted for in the
device design process, the microscopic TLS bath is (as yet)
unpredictable. Reducing the presence of TLS defects for a
wide range of frequencies and eliminating their coupling to
the transmon remains a crucial material challenge.

On the other hand, our experiment establishes the time-
resolved pump-probe spectroscopy as a novel technique for
probing the TLS environment with a fixed-frequency
transmon. This technique probes the TLS environment
through parametric four-wave-mixing excitations. This
approach, thus, not only eliminates the reliance on flux-
tunable qubits for TLS spectroscopy, but also extends the
accessible frequency range for such experiments. This
technique paves the way for several research directions,
including (i) measurement of spectral density of TLS in the
frequency range spanning up to several times the qubit
frequency, and temporal fluctuations of these TLSs,
(i1) determination of the physical locations of these high-
frequency TLSs on the device through stress-strain
tuning [81] and electric field tuning [71], (iii) measurement
of the dynamics of high-frequency TLS under background
ionizing radiations [82], and (iv) investigation of materials
dependence [83] of the high-frequency TLS environment.

IX. CONCLUSION AND OUTLOOK

The fidelity of microwave-driven operations in super-
conducting circuits is limited by the onset of drive-induced
unwanted state transitions as the drive power is increased.
The coexistence of multiple distinct DUST mechanisms
results in indiscriminate observations in experiments,
obscuring the underlying causes and complicating mitiga-
tion strategies. In this work, we systematically disentangle
the mechanisms of DUST in a 3D transmon using time-
resolved pump-probe spectroscopy. We identify and cat-
egorize three distinct mechanisms responsible for the
unwanted transitions. In the first mechanism, A, the
drive-induced ac-Stark shift tunes the transmon levels into
resonance with a spurious mode, such as a TLS, causing the
transmon to exchange energy with the mode and relax to its
thermal ground state. In the second mechanism, B, the drive
activates an accidental multiphoton resonance within the
transmon potential, exciting the transmon to noncomputa-
tional states. Finally, in the third mechanism, C, the drive
activates an inelastic scattering process, in which it
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induces a transition in the transmon and scatters off at a
different frequency, exciting a spurious mode coupled to
the transmon.

With the pump-probe spectroscopy technique, we mea-
sure the drive-induced transition probability as a function
of drive frequency and drive power and offer a strategy to
parse these mechanisms. When a transition does not
explicitly depend on the drive frequency but depends only
on the ac-Stark shift, we identify it as mechanism A. If the
transition appears in the Floquet simulation of the transmon
Hamiltonian, we identify it as mechanism B. All other
transitions fall under mechanism C. Most transitions
from the third category are due to known rf modes in
the physical device and are predictable through electro-
magnetic simulations.

Our work suggests a set of layered mitigation strategies
for DUST, each tailored to address a specific mechanism A,
B, or C. The spurious modes near the qubit frequency,
causing mechanism A, are mainly composed of TLS
materials defects. Suppressing these requires improved
materials and fabrication techniques [83-85], reducing
the TLS density and their coupling to the qubits.
Mechanism B, intrinsic multiphoton resonances, is cap-
tured by Floquet simulation of the driven Hamiltonian and
can be avoided by engineering the drive frequency in a
window free from these transitions. Importantly, drifting
offset charge modifies the resonance conditions of these
transitions, reducing the span of these windows. This
problem can be addressed by either suppressing the offset
charge sensitivity in hardware design [75,86] or by stabi-
lizing the offset charge via feedback [44].

Finally, mechanism C is caused by any spurious degrees
of freedom, such as TLS defects or parasitic rf modes
formed by the physical device layout. The latter is
predictable and should be simulated during any device
design process. Critically, our results show that the electro-
magnetic environment of the device, far beyond its imme-
diate operating band, contributes to DUST processes. For
example, the feature N in Fig. 2(c) is mediated by an rf
mode at 28 GHz. Therefore, mitigating these processes
requires filtering and rf engineering for this entire range
of frequencies to suppress undesired inelastic scattering
processes. By extension, our findings also indicate that
TLSs do not need to be near resonant with the qubit to
participate in DUST mechanisms. Reducing TLS densities
across wide frequency ranges is thus crucial to avoid
mechanism C.

The time-resolved pump-probe spectroscopy technique
demonstrated here serves as a diagnostic tool and comple-
ments Floquet simulations and electromagnetic simula-
tions. Through these simulations, many DUST mechanisms
can be predicted in advance during the design phase.
However, experimental validation using the spectroscopic
method is necessary to detect unmodeled “parasitic”” modes
and validate the microwave hygiene.

The spectroscopy technique also establishes a founda-
tion for investigating high-frequency TLSs with a fixed
frequency transmon, extending the accessible frequency
range for such experiments.

Several challenges remain. Although Floquet simulations
quantitatively predict experimentally observed resonance
conditions, the relation between simulated hybridization
parameters and measured transition probabilities remains
qualitative. Establishing a quantitative connection is an
important direction. Moreover, extending Floquet simula-
tions to multiple modes is computationally costly and not
scalable, motivating alternative approaches [42,87].
Another key question is how to connect the impedance of
the qubit environment, Re[Z(w)], to the inelastic scattering
rates quantitatively [50]. Finally, quasiparticle generation by
strong drives and quasiparticle-assisted transitions [88,89]
represent important but unexplored contributors to DUST,
warranting further investigation.

Together, our findings establish a systematic framework
for identifying, modeling, and avoiding drive-induced
unwanted state transitions in superconducting circuits,
advancing high-fidelity operations in quantum information
processing.

Simulation results presented in this work can be repro-
duced using the open-source package floquet [78].
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APPENDIX A: EXPERIMENTAL DEVICE

The experiment is performed on a fixed-frequency trans-
mon qubit housed in a 3D rectangular waveguide cavity [91].
The fundamental mode (TE101) of the cavity serves as the
readout mode. The cavity has two ports coupled to external
coaxial transmission lines. One port, which is used for
reflection measurement, is strongly coupled, dominating
the damping rate /27 = 7.20 MHz of the readout mode.
The other port is weakly coupled to the cavity, but has a direct
capacitive coupling to the transmon. We reduce the total
attenuation of this line to strongly drive the transmon across a
wide range of frequencies. However, since the port is only
weakly coupled to the cavity, the reduced attenuation does
not introduce significant photon shot noise. At the mixing-
chamber stage of the dilution refrigerator, the drive line
includes 20 dB of attenuation. We verify that the attenuation
is sufficient to preserve qubit coherence, while delivering
adequate drive power for the spectroscopy experiment.

Our experimental device is the second qubit-cavity
system in the multiplexed readout setup in Ref. [92] and
is connected to the same broadband SNAIL parametric
amplifier from the same reference. The nonreciprocal
components on the readout line make sure that the
spectroscopy drive does not leak into the other cavity. A
detailed discussion of the readout line setup is presented in
Appendix D of Ref. [92]. The average qubit relaxation time
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FIG. 9. An example of a multistate readout signal for the
prepared transmon levels, |0,), [1,), |2,), |3,), and |4,), con-
structed from 2000 shots for each prepared states. The transmon
is prepared into the desired state by a sequence of selective x
pulses on appropriate transitions. The readout pulse is 500 ns
long and the reflected signal is integrated for 600 ns to achieve a
single-shot readout result. The ratio of the total dispersive shift to
the readout resonator linewidth is chosen to be a small value,
x/Kk ~ 1/6, to discriminate multiple transmon states with a single
readout tone.

and the Hahn-echo time, measured during this experiment,
are T ~ 85 ps and T5 ~ 135 ps, respectively. The mea-
sured total thermal population of the transmon excited
states is 1.6%.

To measure the transmon state, we send a readout pulse
of 500-ns duration, and integrate the output signal for
600 ns. The readout scheme is optimized to discriminate
multiple qubit levels in our two-tone spectroscopy experi-
ment, resolving the final states after the state transition. The
single-shot readout signals for the prepared states, |0,), |1,),
12,), |3;), and |4,) are shown in Fig. 9. Note that, in the
readout calibration, we limit the readout power to ensure
that the readout pulse itself does not activate unwanted state
transitions. This precaution guarantees that any observed
transitions arise solely from the stimulation drive, and are
not artifacts of the readout process.

To set up a circuit model for the Floquet analysis, we first
experimentally characterize the transmon levels up to |5,),
and fit a simple cosine Josephson potential to the measured
spectrum. The agreements between the measured levels and
the fitted spectrum are summarized in Table I. This set of
fitted circuit parameters is used in the Floquet simulation
presented in Sec. IV and Appendix D. Note that the
extracted model parameters differ when additional
degrees of freedom, such as the readout mode, are
explicitly included in the circuit model. We choose the
appropriate model consistent with the scope of a given
analysis.
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TABLE L.

Measured transmon spectra and the fitted spectra from two minimal circuit models. The levels Ey y and

E s, exhibit frequency dispersion. The first circuit model fits the transmon spectrum to a cosine potential alone with

E;/h = 16.2856 GHz, E-/h = 0.17013 GHz. The second circuit model includes the RO mode and assumes a
linear charge-charge coupling between the transmon dipole and the readout resonator. The corresponding fit
parameters are E;/h = 16.40 GHz, E-/h = 0.1695 GHz, g/h = 0.153 GHz, »,/27n = 9.029 GHz.

Measured spectra

Circuit model (transmon only)

Circuit model (transmon and RO)

Energy level (MHz) (MHz) (MHz)
Ejgy/h 0 0 0
Ejy/h 4528.52 4531.06 4528.05
Epy/h 8872.74 8875.30 8871.66
Ep;3)/h 13016.8 13018.4 13016.7
Eyy/h 169399 £ 0.2 16941.7 16944.8
Ejs)/h 20613 £2 20619.1 20631.9

APPENDIX B: TIME-RESOLVED TWO-TONE
SPECTROSCOPY FROM THE GROUND
AND EXCITED STATES

In Sec. II of the main text, we have introduced the time-
resolved two-tone spectroscopy experiment to systemati-
cally investigate the occurrence of DUST, as a function of
drive frequency and drive power. In this appendix, we
present additional experimental details and analyze the
results of the observed DUST landscape, both from |0,)
(ground state) and |1,) (first excited state) of the transmon.

1. Room-temperature hardware and power calibration

The stimulation drive is synthesized by applying a pair of
baseband DAC channels as in-phase and quadrature (IQ)
inputs to a Marki MMIQ-0218LXPC mixer, operated in
zero-sideband mode. The drive frequency is swept by
tuning the local oscillator (LO) frequency. At each wy,
we first perform LO leakage cancellation, and then cali-
brate the ratio between the induced AY and the applied
drive power (controlled by the squared DAC amplitude).
The drive power at each frequency is subsequently scaled,
so that the corresponding induced ac-Stark shift values are
consistent across the entire frequency sweep, spanning a
range from AY =0 to AY = a,. This is equivalent to
sweeping the square of the applied drive strength & from 0
to 2, as introduced in Appendix B 2.

To sweep across frequencies, we adopt different con-
figurations of room-temperature microwave components,
such as amplifiers and bandpass filters, to achieve the
desired power levels within each frequency window. This
window-specific sharp filtering is essential to suppress
spurious tones and harmonics, generated by the active
components in the room-temperature setup. For each
configuration, we independently examine the generated
drive tone in a spectrum analyzer and confirm that all active
components are operated in their linear regime and that no
spurious tone is generated over the relevant range of drive
powers. This ensures that (i) the ac-Stark shift calibration,

which is performed at low drive strength, remains valid
across the full sweep range at each frequency, and (ii) the
pump being sent for the spectroscopy is a monochro-
matic drive.

As we approach the readout resonator frequency
[marked by the violet line in Figs. 11(a)—11(d)], the transfer
function of the drive, seen by the transmon, is dominated by
the frequency response of the readout resonator. Because of
the dispersive interaction, the resonator frequency depends
on the qubit state, making the transfer function itself
dependent on the qubit state. Thus, near the resonator
frequency, the Stark shift is calibrated separately for |0,)
and |1,) initialization to account for this difference in the
transfer function.

2. Measured DUST probabilities

Although we can resolve up to |4,) using our readout, for
the spectroscopy experiment producing DUST landscape,
we set the readout threshold to distinguish states |0,), |1,),
and |2,) from all other states. The reason for this choice will
be explained later in this section. After the readout, we wait
for 1 ms for the system to relax into the thermal ground state.

The drive-induced state transition data from |0,) and |1,)
are acquired in an interleaved fashion to suppress the
effects of slow experimental drifts, ensuring a consistent
comparison between the two datasets across the entire
sweep. For each drive frequency, the entire experiment,
including mixer calibration, power calibration, and power
sweep, takes approximately 5 min. Also, note that the two
datasets for the DUST landscape, above and below the
qubit frequency, were taken in two successive cooldowns.
Because the dataset was acquired over several days and
required multiple adjustments to the room-temperature
filter configurations, we periodically recalibrated the qubit
7 pulse, the readout pulse, and the threshold for state
assignment to account for hardware variations and slow
system drift. The readout signals and the corresponding
confusion matrix obtained after one such calibration are
shown in Fig. 10.
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FIG. 10. Mapping the readout signal to inferred transmon
states, |0,), |1,), |2,), and outliers using thresholds for the DUST
spectroscopy experiment. (a) Readout signal of prepared |0,),
[1,), 2,) states are constructed from 10000 shots each. The mean
and the variances of these distributions are then computed from a
Gaussian mixture model. The ellipses on the quadrature space
represent the 3o intervals of the respective Gaussian fits to the
readout signals. These thresholds are applied for the state
assignment in the spectroscopy experiment. (b) Confusion matrix
representing the probabilities of transmon state assignment.
Each cell shows the probability of assigning a particular state
given a prepared Fock state. Rows correspond to the prepared
states, while columns correspond to the assigned states: |0,), |1,),
|2,), and outliers (labeled “out™). Note that the state preparation
in this characterization was performed without preselection
readout, resulting in additional errors due to residual thermal
population.

a) 1.0

—

Figures 11(a)—(d) present the measured transitions in the
time-resolved two-tone spectroscopy experiment when the
transmon is prepared in |0,) (left-hand column) and |1,)
(right-hand column). In contrast to the main text Fig. 2,
here we separate the final state populations into two
subclasses. In the top row, we plot the transitions that
cause single quanta excitation (i.e., |0,) — |1,) and
|1,) = |2,)) or relaxation (|1,) — |0,)) of the transmon.
And in the second row, we plot the transition probabilities
to all other states. This segregation helps us to compare the
measured transitions with the Floquet simulation.

Within the drive range used in this experiment, mechanism
B can only excite transmon states above |2,). Intrinsic
multiphoton processes that connect |0,) to |1,) or |1,) to
|2,) lie in the subharmonic regime [93], which falls outside
the frequency range covered in this plot. As a result, the top
panels contain no transitions arising from mechanism B. All
visible transitions are instead attributed either to mechanism
A, if they appear as quasihorizontal lines, or to mechanism C,
if they display a slope in frequency-power space. Note that,
while transitions to higher transmon levels should not be
present, we observe faint residual signatures of them in
Fig. 11(b). These are artifacts of imperfect state discrimina-
tion between |2,) and higher excited states during readout.

Comparing the left-hand [Figs. 11(a) and 11(c)] and
right-hand [Figs. 11(b) and 11(d)] columns, we observe

0.6 (b) T ” :1‘ | 0.6
— B | 1}
= o5l i an &
& B 5 03 i L | o2
D’ | - I B
00 ExIp 1 1 1 ! 1 1 1 1 00 1 P_‘I““’Q*-l 1 1 N 00
P (0~ 1) P(1:— 0 2¢)
(© 1.0 T 1 0.6 (d) T 0.6
5 “‘ | |
230-5 r c 0.3 c 0.3
00 ExIp 1 1 1 1 1 00 1 1 1 00
P (0t — 2+) P(1t—2+¢)
(e) 2 il 0.2 (f) IR = 0.2
{ o ‘ T \L
1 % = s
o —
o 1f Ll |Fo1 n 0.1
7 % i3
. | =) T
0 SIIrrl 1 1 1 (IJ-l 1 = 1 1 1 00 1 1 1 Ig) 1 00
3 4 5 6 7 8 9 10 11 9(0y) 5 6 7 8 9 O (1y)
wy/2m (GHz) wy/2m (GHz)
FIG. 11. Landscape of drive-induced state transition: experimental data and Floquet simulation result. (a)-(d) Experimentally

measured probability of transition out of the initially prepared states. Panels (a) and (b) show the single-quantum transitions out of 0, and
1,, respectively. Panels (c) and (d) show the transitions into excited states higher than |2,). We have labeled transitions of different
mechanisms in fonts of different colors. Note that the data for drive frequencies above and below the transmon frequency are taken in
two different cooldowns. (e), (f) The hybridization parameter ®(0,) and ©(1,), respectively, obtained from Floquet simulation. We have
labeled the identified transitions in the simulated plot.
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that several features appear in pairs and exist in both cases,
corresponding to the two different transmon initializations,
|0,) and |1,). Moreover, the transition features in the |0,)
dataset occur at consistently higher drive frequencies than
their |1,) counterparts. This shift arises from the negative
anharmonicity of the transmon, which lowers the resonance
conditions for processes involving |1,) than those involving
|0,). We label these pairs of transitions with the same roman
letters, with and without an apostrophe, such as B’ and B.
A notable exception is a class of transitions, such as A, G,
J, and N, that exhibit an opposite (positive) slope, and
appear exclusively under |1,) initialization. These are
|1,) = |0,) decay processes caused by inelastic scattering,
which have no counterpart for the ground state.

Finally, for comparison, we show in Figs. 11(e) and 11(f)
the results from the transmon-only Floquet simulations (see
Appendix D), which compute the hybridization parameter
©(0,) and ©(1,) as a function of drive frequency and
power. The transitions in Fig. 11, labeled with green letters,
are reproduced by the Floquet simulation, aligning with the
observed resonance conditions. However, some multi-
quanta excitations, such as K, L and K’, L', are not
captured in the Floquet simulation, confirming their origin
in inelastic scattering processes. These transitions are
discussed in Appendix E.

APPENDIX C: DERIVATION OF THE
DIMENSIONLESS DRIVE STRENGTH §&
IN THE PERTURBATIVE PICTURE

In this appendix, we derive the dimensionless measure of
the drive strength & defined in Eq. (2). This quantity bridges
the Floquet analysis (elaborated in Appendix D) and the
perturbative theory of driven nonlinear oscillators [42]. We
begin with the following Hamiltonian of a driven transmon:

H(t) = 4Ec(A — n,)?* — E;cos(®) + Egn cos(wgt),  (C1)

where we consider the charge drive as a classical continu-
ous wave (CW) drive at frequency wy.

For a transmon satisfying E- < E;, we approximately
express the Hamiltonian in terms of the creation and
annihilation operators [94]:

where we have kept the leading-order nonlinearity of the
transmon and extracted out the frequency renormalization
resulting from normal ordering the quartic term. Thus, here
we approximate the transmon as a Duffing oscillator, with
anharmonicity a, = —E¢/h.

We account for the linear drive by a time-dependent
frame transformation [42] U, = eisb~nb") | and choose

Pin to cancel the linear term in H' = Ujll:lﬁd - ilA]ZUd.
We find

in E e—i(udt eia)dt
po = IEL(ETEE ) o)
Wy —w, g+ o,

where hw, = \/8EcE; — E¢, valid under the assumption
lwg — w,| > |a|. The resulting Hamiltonian in the dis-
placed frame is

%
12
—a,(b" + pi,) (b + Prin)

H(t)/h = w,b'h+ 2L (b" + b+ &sin[w,])*

(C4)

where S, + f,, = Esin(w,t) and the term in the second
line of Eq. (C4) disappears upon normal ordering the
quartic term. The effect of the drive on a weakly nonlinear
oscillator is thus captured by a time-dependent displace-
ment of the potential, where

_ 2ngprwy Eq

¢

(C5)

P R
oy wqh

We emphasize that in the Floquet simulations, no quartic
expansion of the potential is made, and we retain the full
cosine nonlinearity.

Assuming that the drive does not activate any spurious
processes, the Hamiltonian reduces to

H(6)/h = (0, + Ea,/2)b b + %z;w;w; b, (C6)

under the rotating-wave approximation. We have thus
additionally derived the relationship between ¢ and the
induced ac-Stark shift on the transmon, Ay = fzaq /2.

APPENDIX D: FLOQUET SIMULATION FOR
PREDICTING INTRINSIC MULTIQUANTA
RESONANCES

In this appendix, we discuss the Floquet simulation
techniques generating the Floquet overlap and branch
analysis plots presented in the main text. Our implementa-
tion of both Floquet simulation techniques is available in
the open-source £loquet package [78].

To distinguish mechanism B, we map out the landscape of
intrinsic multiphoton transitions as a function of drive
frequency and power for a transmon, which is captured by
the Hamiltonian as Eq. (C1). Note that previous works
investigating the phenomenon of measurement-induced state
transitions model the readout resonator photons as a stiff,
classical drive at the readout frequency [37,39,40,42], result-
ing in the same Hamiltonian as Eq. (C1). That modeling is
only appropriate provided that quantum fluctuations of the
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resonator and dynamics due to ramping of the drive can be
ignored.

In principle, all intrinsic multiphoton resonances asso-
ciated with Eq. (C1) can be systematically predicted by
extracting the Floquet modes. By appropriate analysis of
the Floquet modes (described in detail below) we produce
both the “overlap” plots [42] that provide a birds-eye view
of DUST as well as the “branch-analysis” plots [37,39,40]
to assign transmon-eigenstate indices to Floquet modes.

We first diagonalize the undriven transmon Hamiltonian
in scqubits [95], and express Eq. (C1) in this new
basis:

H= ZEj|j,)<jt| E, COS(wdt)Znij|it><jt|v (D1)

where |j,) is the jth eigenstate of the transmon and
n;; = (i,|alj,). We then extract from Eq. (DI) the
Floquet modes {|J,(£,@,))} expressed in the basis of
the undriven transmon eigenstates {|j,)} [78,96]. We have
written explicitly the dependence of the Floquet modes on
the drive frequency w, and phase displacement ¢
[cf. Eq. (C5)]. As the junction response depends on the
detuning from resonance, we express the drive strength in
terms of &£, as opposed to E;, to compare results across
different w,. To compare with the experimental results, we
perform these Floquet simulations over the same range of
drive frequencies as in Fig. 2. We additionally scan over
drive amplitudes 0 < &2 < 2, such that the induced ac-Stark
shift (energy difference between |0,) and |1,)) ranges up to
@, consistent with the experiment. In our simulations the
drive strength interval is chosen to be 552 = (0.005, match-
ing that of the experimental scan, which corresponds to a
step size in Stark shift of approximately 460 kHz. In all
cases, we truncate to 25 states in the transmon Hilbert
space. We discuss further below how we assign a transmon-
eigenstate label j to the Floquet mode {|J,(, wy))}.

1. Hybridization parameter method

The off-resonant microwave drive primarily induces two
effects. The first is the aforementioned multiphoton reso-
nances. The second and less interesting effect is the ac-
Stark shift, which causes the overlap of the Floquet mode
with the associated bare transmon eigenstate to decrease
with increasing drive strength (even in the absence of
DUST). To disentangle these effects, we utilize the “ideal-
displaced state” [42,76] which is constructed by fitting a 2D
polynomial to the Floquet modes in drive amplitude and
frequency space.

For a given bare transmon state | j,) for which we want to
track DUST, we first identify the corresponding Floquet
mode |j,(&, wy)) by taking overlaps of the modes with |j,).
This is done at all computed pairs of (£, w,). We then
construct the ideal-displaced state |},(&, @,)) in the basis of

the bare transmon states as a low-order polynomial in
& wy [42,78]:

(ilji(& wq)) = Zcijkffkw§~ (D2)
[z

We optimize the coefficients C; ., such that this state closely
approximates |j,(&, @,)). Importantly, we institute a cutoff
(typically taken to be 0.8) whereby only Floquet modes with
overlap with the bare state above this cutoff are included in
the fit. As such, the state | j, (&, w,)) should capture the effects
of ac-Stark shift, with any deviation indicating a resonance.
In practice, we often need to iterate this procedure, as the
overlap of the Floquet mode with the bare state | j,) eventually
falls below the cutoff for large enough ac-Stark shift (causing
the assignment of labels to Floquet modes to fail), even in the
absence of a resonance. In this case, we partition the drive
amplitudes, and use the fitted displaced state from the
previous partition as the bare state [42,76,78].

From the definition of the ideal-displaced state
|j:(€, w4)), any deviation of the Floquet mode |j,(&, @,))
from this state indicates a resonance. As such, we introduce
the measure

0(j)) = 1 = [(:(& @a)lji (& @a)) . (D3)
which quantifies the degree of hybridization of the Floquet
mode with a noncomputational state. This hybridization
remains nearly zero in the absence of resonances. When the
drive condition satisfies a multiquanta resonance, the
hybridization ©(j,) increases sharply. The hybridization
parameter is evaluated independently at each drive strength
and frequency, without relying on continuity tracking
between adjacent parameter points. Consequently, this
Floquet analysis method is robust to the choice of sampling
interval in the parameter space.

Notably, this technique does not immediately provide
information on which state(s) are involved in a resonance.
To rectify this, we perform the displaced-state fit for
noncomputational states, and pair up locations where we
see both ©(j,) and ©(#,) simultaneously deviate from zero.
However, this technique is often numerically unstable due
to the enhanced Stark shifts experienced by higher-lying
states. In addition, such a tracking procedure becomes
confused by multiple independent processes occurring
simultaneously, and also by processes involving more than
two states. Therefore, to label the states, we turn to the
alternative technique: branch analysis.

2. Branch analysis

The hybridization method introduced above provides a
straightforward means of identifying locations in (&, @)
space where multiquanta resonances occur. However,
this technique does not immediately specify which non-
computational state(s) participate in the resonance. We thus
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FIG. 12. Lumped element model for an ideal transmon-resonator
system for dispersive readout scheme. For the transmon-only
Floquet simulation (explained in Appendix D) we fit the exper-
imentally observed spectrum to the circuit shown in the black
dashed box to obtain the Hamiltonian parameters. The Floquet
simulation in Appendix E includes the readout-resonator mode as
shown by the dashed gray box.

also implement the so-called branch-analysis technique
introduced in Refs. [37,39,40], which allows for state
tracking and labeling of the transitions.

For a given w,, we track the Floquet modes as a function
of drive amplitude. We assign state labels based on overlaps
with the Floquet modes at the previous drive amplitude,
beginning with the undriven transmon eigenstates. Having
thus collected a set of Floquet modes b;(w,) =
{li,(¢é,w,))} for each state in our Hilbert space, we
compute N;(& w,) = ij(jtﬁt(é‘, w,)), weighting each
Floquet mode by the bare transmon quanta [37,39,40].
We identify the resonances and the associated states by
observing the branch swaps; see Figs. 4(c) and 4(d).

APPENDIX E: ANALYSIS OF MULTIQUANTA
RESONANCES INVOLVING EXTRINSIC MODES

Sections VI and VII examined transitions mediated by
spurious electromagnetic modes. Specifically, the transmon’s
unavoidable coupling to these modes leads to resonances
corresponding to inelastic scattering of drive photons. As
depicted in Fig. 13, some of these transitions are predicted by
incorporating an additional mode, such as the readout
resonator, into Floquet simulations. This appendix extends
the Floquet analysis from Appendix D to include coupling
with spurious modes, particularly the readout resonator, as
shown in Fig. 12. Table Il summarizes both intrinsic transmon
transitions and those mediated by the readout resonator, in the
frequency range shown in Fig. 7, demonstrating agreement
between experimental data and numerical simulations.

1. Coupled transmon-resonator system

Figure 1(d) highlights several spurious electromagnetic
modes of the system that couple to the qubit. These
electromagnetic modes are modeled as bosonic degrees
of freedom capacitively coupled to the transmon. To
manage computational complexity, we analyze one para-
sitic mode at a time. Here, as an example, we focus on the
readout mode, as the frequency of this mode and its
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FIG. 13. Floquet analysis of an inelastic scattering involving
the readout mode, for a fixed gate charge n, = 0.0. Panels (a) and
(b) depict the transition landscape in terms of the hybridization
parameters ©(0,) and ©O(1,), respectively, within the range
wy/27 €[10.2, 11.4] GHz. Panels (c)—(f) present branch analyses
at specific frequencies, indicated by dashed lines in (a) and (b).
The branches are identified with an undriven dressed state.
Whenever possible, these undriven dressed state are labeled
li,, k,) corresponding to the bare product state with which they
have the most overlap. If they do not have a large overlap (>0.9)
with any bare state, we assume the states are hybridized and label
them with their dressed index, e.g., [21) or [22).

coupling to the transmon are precisely obtained from the
experiments.

The combined Hamiltonian of the transmon, coupled to
the readout resonator is given by

H =4Ec( —n,)? — E;cos(®) + w,a'a
—ign(a—a') + Egicos(wyt), (E1)
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where & is the bosonic annihilation operator for the readout
mode, w, its frequency, and g is the coupling strength with
the transmon. Same as before, £, and w, denote the drive
strength and drive frequency, respectively. We use the
parameters given in Table I obtained from fitting the
experimental spectrum.

In our simulations, we truncate the joint transmon-
readout mode system to 25 x 5 states, consistent with
the number of transmon levels in Appendix D. We justify
the truncation of the readout mode by confirming that the
identified transitions remain unchanged when the Hilbert
space is expanded.

2. State labeling

Following the approach in Appendix D, we begin by
diagonalizing the undriven Hamiltonian Eq. (E1) in
scqubits [95] and expressing Eq. (E1) in this new basis,

H = ZE]-I}'> (Jl+E, COS(wdf)Z”jk|}><7< ; (E2)
J J-k

where |j) indicates a dressed eigenstate in the coupled
Hilbert space of the transmon and the resonator. It is usually
possible to identify these dressed eigenstates with bare
labels, i.e., |j) = |i,, k,), by finding the bare-product state
li,, k) =|i;) ® |k,) with largest overlap. We institute a
threshold (here, 0.9) below which bare labels are not
assigned to a dressed state. Such cases typically arise
due to strong hybridization between bare states, particularly
higher-energy states. As an example, the bare states |6,, 1,)
and |9,,0,) are nearly degenerate for the parameters of our
system. The bilinear coupling between the transmon and
the resonator breaks this degeneracy, hybridizing these two
levels. Therefore, we cannot assign bare labels to the
corresponding eigenstates |21) and |22), which are approx-
imately even and odd superpositions of the two bare states.

Having identified the dressed states of interest, we now
apply the hybridization parameter method and branch-
analysis technique as outlined in Appendix D. There is
no change to the analysis, aside from the difficulty in
certain cases of identifying certain dressed states with bare
labels.

3. Example of unwanted transitions assisted by the
readout mode

The readout resonator, a paradigmatic spurious mode, is
necessarily coupled to the qubit and mediates several
experimentally observed transitions. Figure 13 illustrates
the transition landscape and branch analysis at selected
frequencies, derived from a Floquet analysis of the coupled
transmon-resonator system. Table II summarizes some key
transitions and links them to the experimentally observed
transitions in Fig. 11.

TABLE II. Examples of transitions and their corresponding
resonance conditions in the joint transmon-resonator system for
drive frequencies w,/2z € [10.2, 11.4] GHz. Transitions are la-
beled based on their qualitative resemblance to experimental
results shown in Fig. 11. Here, , and w; ; represent the readout
mode frequency and the transition frequency between the trans-
mon levels |i,) and |j,), respectively. Frequencies and resonance
conditions are reported at zero drive strength. The resonance
conditions in terms of the bare states for the final two rows are
randomly assigned, as the transitions involve the highly hybrid-
ized states |21),[22).

Frequency Resonance

Label Transition wy/2n condition
K I1,,0,) < [7,,1,) 1057 GHz o7+ o, = 3w,
L 11,,0,) < |4,,1,) 10.74 GHz w4+ o, = 2wy,
L’ |0,,0,) <> |3, 1,) 11.04 GHz  wy3 + o, =2w,
{ |0,.0,) < |22) 11.04 GHz @9 = 3wy
K’ 0,,0,) < |2T) 11.03 GHz w6 + w, = 3w,

Similar to intrinsic transitions, these inelastic transitions
occur in pairs for |1,,0,) and |0,,0,). For instance,
transitions K and K/ form such a pair, corresponding to
the transitions from |1,,0,) and |0,,0,), respectively. As
expected, the resonance conditions for this pair differ by the
transmon’s anharmonicity.

Notably, our simulations reveal that the readout mode
can influence the resonance condition of an intrinsic
transmon transition. In particular, the |0,) <> |9,) transition
occurs in the transmon-only simulations at ~11 GHz; see
Fig. 11(e) and Table II. However, as described in the
previous section, the state |9,,0,) strongly hybridizes with
|6,,1,) in the joint system. As a result, |0,,0,) now
experiences transitions to the hybridized states [21) and
|22) instead. Complicating matters further, the resonance
frequency of the [0,,0,) <> [3,,1,) transition coincides
with the above transitions (at zero drive amplitude); see
Figs. 13(a), 13(e), and 13(f). Thus, there is an interplay
between all three transitions, which contributes to the
observed transition line shapes in Fig. 13(a).

APPENDIX F: IDENTIFYING PARASITIC
ELECTROMAGNETIC MODES

In an experimental device, the circuit’s electromagnetic
field is distributed in the three-dimensional space, inevi-
tably giving rise to parasitic electromagnetic modes, which
participate in the Josephson junction. As explained in
Sec. VI, these modes mediate inelastic scattering processes
when certain resonance conditions are met by the drive.

In principle, the spectrum of these parasitic modes can be
obtained through electromagnetic simulations of the device
geometry using finite-element solvers such as ANSYS HESS.
In our setup, when the transmon is positioned precisely at
the center of the 3D cavity, certain cavity modes remain
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uncoupled from it due to the symmetry of the design. This
behavior is reflected in a driven modal simulation per-
formed in HESS under ideal symmetric conditions. The
resulting environmental impedance, ReZ,,, (), as seen by
the transmon, is shown in Fig. 14(a) as the light green trace.
Note that only a handful of peaks appear in this trace. The
trace also indicates the absence of coupling to any modes
between 9-15 GHz and between 15-22 GHz in this case.

However, in practice, this symmetry is often broken,
either by misalignment of the qubit chip within the cavity or
by distortion of the electric fields caused by the introduc-
tion of coupling pins. These asymmetries cause the
transmon to couple to additional modes. When such
imperfections are incorporated into the simulation, the
resulting ReZ,,, (w) [dark teal trace in Fig. 14(a)] displays
several additional peaks. The modes labeled EM1 and EM3
in the simulation are identified from HFSS eigenmode
simulation as the TE102 and TE202 cavity modes, respec-
tively. In our device, they indeed couple to the transmon
and mediate DUST under appropriate drive conditions (see
Table III).

To independently verify the presence of these modes and
their coupling to the transmon, we perform spectroscopy
measurements around the predicted frequencies of these
spurious electromagnetic modes. We leverage the sensi-
tivity of the transmon’s coherence times to photon shot
noise in spurious rf modes. These modes couple disper-
sively to the qubit, and when driven near resonance, the
photon shot noise in these modes induces qubit dephasing.
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FIG. 14. Spurious packaging modes. (a) Environmental imped-
ance from electromagnetic simulation of the package, assuming
perfect symmetry (green) and with asymmetry along the long axis
of the cavity (dark teal). Breaking of the geometric symmetry can
cause the transmon couple to more packaging modes. (b), (c)
Spectroscopic evidence of the spurious geometric modes EM1
and EM2 identified in experiment.

Specifically, we extract the ac-Stark shift AY and the
induced dephasing rate I'; by applying a weak probe tone
with variable frequency and power during a Ramsey
experiment. The probe is turned on continuously during
the wait time between the two Ramsey pulses.

We extract the derivative dI',/dA¥ as a function of
probe frequency. This quantity directly reflects the envi-
ronmental density of states and, equivalently, the real part
of the environmental impedance ReZ.,, [w] [97]. The result
of this experiment, shown in Figs. 14(b) and 14(c), exhibits
resonant features at 11.915 and 15.08 GHz. These exper-
imentally observed resonances agree with the simulated
EMI1 and EM2 modes, respectively, confirming that these
geometric modes couple to the transmon and can mediate
drive-induced transitions.

Furthermore, assuming that the spectroscopic probe tone
is in the weak-power limit (yv/71 < k), we can approximate
[ = 2y A¥ /x [97,98]. Using this relation, we estimate a
dispersive coupling strength of y/2z =20 kHz between
EMI1 and the transmon, and y/27z ~ 0.4 MHz between
EM2 and the transmon. These values are essential input
parameters for modeling the system using multimode
Floquet simulations that include spurious electromagnetic
resonances.

Note that although we identify EM2 as the TE103 cavity
mode, its experimental line shape deviates from an ideal
Lorentzian, as shown in Fig. 14(c). This deviation suggests
that EM2 is hybridized with an additional, unmodeled
degree of freedom, possibly a standing wave mode in a
mismatched cable or a structural resonance of the device
package that is not captured in the finite-element model.

Finally, we identify and label all the transitions observed
in the two-tone spectroscopy data that originate from
mechanism C—inelastic scattering processes involving
spurious electromagnetic modes. Each transition is asso-
ciated with a specific mode responsible for mediating
the process, and the full list is summarized in Table III.

TABLE III. The correspondence between the observed tran-
sitions and the associated spurious modes inferred from the
frequency-matching conditions for nonlinear wave-mixing proc-
esses. Note that the transition B (B’) is not accounted for by any
simulated electromagnetic modes. As elaborated in Appendix I,
they are mediated by a TLS.

Transition(s) Identified process(es) Associated mode
A 1,,0, - 0,1, EM2

B (B) 1,,0, = 2,,1, (0,0, - 1,,1,) TLS

D (D) 1,,0, —» 2,,1, (0,0, - 1,,1,) RO = EMO
G 1,,0, - 0,1, EM4

Id) 1,,0, - 2,,1, (0,,0, - 1,,1,) EM2

J 1,,0, - 0,1, EMS

K (K) 1,,0, - 8,,0, (0,,0, - 22) RO

L L) 1,,0, - 4,1, (0,,0, - 3,,1,) RO

N 1,,0, - 0,1, EM9
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For instance, mode EM?2 is responsible for the transitions
labeled A, I, and I’ in Figs. 11(a) and 11(b).

Transition A originates from a four-wave-mixing, two-
mode conversion process; i.e., itis a |1,, Ogyvp) = |0, Tgno)
transition by the absorption of two drive photons. In
contrast, transitions I and I’ result from a pair of four-
wave-mixing, two-mode squeezing processes, namely,
111, Opm2) = |24, 1emz) @nd [0, Ogvz) = |14, 1gap), accom-
panied by the absorption of two drive photons.

As discussed in Appendix E, these spurious modes can
also mediate higher-order mixing processes beyond four-
wave mixing. For example, transitions K (K’) and L. (L")
correspond to multiphoton processes that excite the trans-
mon to higher levels such as |3,),|4,), or even |7,).

APPENDIX G: TIME DYNAMICS OF RESONANT
EXCHANGE WITH A TLS

As discussed in Sec. III, the static transmon-TLS
interaction can be modeled by a linear XX coupling in
the form of g(b' + b)6,, where b (b") is the annihilation
(creation) operator of the transmon, &, is the Pauli X
operation of the TLS, and g is the coupling strength. Under
the ac-Stark shift, when the transmon tunes into resonance
with the TLS, it can exchange energy with the TLS.
Depending on the lifetime of the TLS, compared to the
XX coupling rate, the population in the transmon will show
either an oscillatory behavior or an exponential decay. To
gain further insight into the resulting dynamics of this
interaction, we choose the power of the ac-Stark shift tone
to park the qubit on resonance with one particular TLS at a
time. We then sweep the duration of this ac-Stark shift tone,
and measure the final transmon population as a function of
this duration, as illustrated in Fig. 15(a). From the time
dynamics of the transmon population, we identify the two
distinct classes of TLS, distinguished by the relative
magnitude of the coupling strength g, and the TLS
dissipation rate I'y.

The resonant exchange with a strongly dissipative TLS
g < Iy will cause the transmon 1, population to decay
exponentially over time. An example is shown in
Fig. 15(b), with the transmon parked on resonance with
a strongly coupled TLS at A¥*/2z = 135 MHz. This is the
same TLS leading to the feature at |A%°/a,| = 0.73 in main
text Fig. 3(c). The enhanced decay is present when the TLS
switches into resonance with the transmon, and absent
when the TLS switches away. Such frequency-switching
behavior is evident in the unaveraged data monitored over
4 min, shown in the left-hand panel of Fig. 15(b). The
background for the average population decay shown in the
right-hand panel is determined by the thermal population of
the TLS as well as the on-off ratio for this resonant
exchange.

In contrast, for a TLS with ¢g>I"|, the transmon
population exhibits coherent oscillations, indicating the
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FIG. 15. Dynamics of resonant exchange of the transmon

excitation with the TLS environment. (a) Experimental sequence,
an ac-Stark shift tone tuning the transmon on resonance with a
TLS is played for a variable duration. (b) Time dynamics of
resonant exchange with a strongly dissipative (g < I'y) TLS,
resulting in an exponential decay of the transmon population.
(c) Time dynamics of resonant exchange with a weakly dis-
sipative (¢>T';) TLS, causing a decaying oscillation of the
transmon population.

coherent exchange of quanta between the transmon and
TLS on the timescale ~1/g. An example is shown in
Fig. 15(c), with the transmon parked at A’ /27 = 18 MHz,
on resonance with the TLS associated with transition P in
Fig. 2(c). From the oscillating pattern, we extract a
I'; = 100 ps~! for this TLS, with a coupling rate g =
1.6 ps~! to the transmon. Note that this TLS disappeared
when the data for main text Fig. 3(c) were being taken.

APPENDIX H: TIME DYNAMICS OF AN
INTRINSIC MULTIPHOTON EXCITATION

We investigate the dynamics of the intrinsic multiphoton
transitions by performing a time-domain experiment. As an
example, we illustrate the feature labeled E’ in Fig. 11. This
feature corresponds to a transition where two drive photons
are absorbed to excite the transmon |0,) — |4,). We apply
the same pulse sequence as Fig. 15(a), parking the
frequency and the power of the stimulation tone on
resonance with feature E’. We choose the drive frequency
of w,/2n = 8.45 GHz, for which the resonance is activated
at a small drive power, £ ~0.1, thus avoiding any
hybridization with other higher levels. The drive condition
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for this time-domain experiment is marked by a circle in
Fig. 16(a). When we perform a readout following this
multiphoton resonance drive, we observe a direct popula-
tion transfer to |4,) of the transmon, without significant
population in the intermediate levels, as shown by the
readout histogram, plotted in Fig. 16(b). The small residual
populations in |3,) and |2,) arise from incoherent decay
processes from |4,) during the experiment.

To obtain the temporal dynamics, we first define readout
thresholds in the quadrature plane, defined by the 3¢
boundaries for the readout outcomes, [0,) and |4,).
These thresholds are shown by the blue and orange ellipses
with solid boundaries in Fig. 16(b). By turning on the drive
for a variable duration Tpops WE observe a coherent
oscillation of the transmon population between |0,) and
|4,), as plotted in Fig. 16(c).

Through this experiment, we can extract the rate of the
multiphoton resonances, as a function of drive frequencies
and powers, and also investigate the excited-state
dynamics [75] during DUST. However, hybridization of
this transition with other processes, and the resulting offset
charge sensitivity, limit one to low drive powers for such
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FIG. 16. Dynamics of an intrinsic multiphoton excitation
process. (a) Magnification of the feature E’ from the landscape
Fig. 11. (b) Readout histogram of all the shots from the time
domain experiment, showing a dominant population transfer into
|4,). (c) Temporal dynamics showing oscillations of the final
population between [0,) and |4,) as a function of z,,, when
driven on resonance. (d) Floquet branch analysis indicating
the hybridization between |0,) and |4,) at drive frequency
wy/2n = 8.45 GHz.

rate extraction experiments. This limitation can be circum-
vented by designing transmons with E; >»> E.

The Floquet simulation confirms this process by show-
ing a branch swap as illustrated in Fig. 16(d). The observed
dynamics can be understood as a manifestation of Landau-
Zener-Stiickelberg interference [99] between the two
hybridized Floquet modes.

APPENDIX I: TIME DYNAMICS OF THE
INELASTIC SCATTERING MEDIATED
BY A TLS

We identify a pair of single-quantum excitation features,
ie., |0,) = |1,) and |1,) - |2,), labeled B’ and B, respec-
tively, in Figs. 11(a) and 11(b) that are not explained by any
of the electromagnetic modes we simulated up to 30 GHz.
We magnify these two features and replot it in Fig. 17(a).
We already discussed in Sec. VIII that feature B is due to an
inelastic scattering process that involves a switching TLS at
8.17 GHz. B’ is the corresponding transition involving the
same TLS when the transmon in initialized in |0,).

To confirm this interpretation, we examine the time
dynamics of the transmon populations under the drive
condition marked by the asterisk in Fig. 17(a). Unaveraged,
single-shot measurements reveal a clear telegraphic
“on-off” switching behavior of the |1,) — |2,) transition,
as shown in Fig. 17(b). We plot the averaged time dynamics

(a) — Y — (b)

0.0 0.6 0.0 0.6

e O, e 1, 2,

20

P(1t=2y)  P(0t— 1)
¥ 150 _".,'\ Ry 7
= N = 10
= 100r £ &
o
g S0 " E
<
- oL 1 I Ml
6.19 6.25 6.27 6,33 .20 40 60
wg/2m (GHz)-wg2m (GHz) -~ Elapsed time (min)
(©) 107 0,a1,42,] @
c [ ]
S ':
©
S
o
o
o

0 10 20 0 10 20
Tpop (US) Tpop (US)

FIG. 17. Single-quantum transmon excitation involving an
extrinsic mode with a switching frequency. (a) Probability of
transmon excitation. The features B and B’ are caused by the
same extrinsic mode. (b) Single-shot readout outcome data string
showing {0,, 1,,2,}, taken at the drive condition marked by a star
in (a). The states are identified with a precalibrated 1Q multi-
threshold. (c), (d) Average time dynamics within two separate
time windows, indicated by the vertical white lines in (b). The
excitation to 2, is present when the mode switches into the
resonance [shown in (c)], and absent when the mode switches
away [shown in (d)].
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during two different windows, defined by the white vertical =~ we revisit the transition labeled E’ in Fig. 11, which
lines, and observe qualitatively distinct behaviors. When  corresponds to a process that absorbs two drive photons to
the TLS is in the higher-frequency state, satisfying the  excite the transmon from |0,) to |4,).
resonance condition for this process, the qubit is rapidly In Fig. 18(a) we show the unaveraged single-shot
excited to |2,) [Fig. 17(c)]; when the TLS switches to the ~ measurement results from a two-tone spectroscopy experi-
lower-frequency state, the drive is off from the resonance ~ ment at a fixed drive frequency of 8.2375 GHz, monitored
condition, and the transmon remains in |1,), and is only  over the course of 2 min. We plot the phase of the integrated
subjected to a slower natural 7| decay to |0,) [Fig. 17(d)]. IQ signal as a function of drive power and elapsed time. We
The timescale of switching of this TLS is several minutes,  observe that the resonance condition itself drifts in drive
similar to that of the slow switching TLS we observe near ~ power, leading to a fuzzy transition, distributed over a range
the qubit frequency, as shown in Fig. 3. of drive powers that corresponds to an ac-Stark shift
Note that the |0,) — |1,) data shown here were acquired ~ between 100 and 180 MHz. Such fluctuations occur on
during a different time window and the TLS did not switch a submillisecond timescale. Moreover, when such a tran-
during this period. sition happens, the readout phase has different values at
different times, as illustrated in two different time windows,
w; and w,, for the same range of drive powers. This distinct
change indicates that the transition leads to different
final states at different times. We confirm this observation
Transitions arising from intrinsic multiphoton excitations by comparing the readout histograms constructed from
(such as E, F, and M) in the spectroscopy landscape appear  these two different time windows, as shown in Fig. 18(b).
significantly broadened and “fuzzy” at higher drive power,  Although the transition dominantly excites the transmon to
as seen in Fig. 11. Such behavior is due to the temporal |4,), multiple higher excited states also get populated for
fluctuations of the multiphoton resonance conditions due to  this drive condition, and the probability of exciting the
the n, dependence of such transitions. As an example, transmon to this higher excited state drifts over time.

APPENDIX J: OFFSET CHARGE SENSITIVITY
OF INTRINSIC MULTIPHOTON TRANSITIONS
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FIG. 18. Offset charge dependence of intrinsic multiphoton transitions. (a) Phase of the single-shot readout IQ signals as a function of
drive power at w,/2z = 8.2325 GHz. The transmon undergoes state transitions above drive powers that correspond to an ac-Stark shift
|A%¥ /27| ~ 110 MHz. When tracked over a duration of 2 min, the resulting readout signal shows different phases in the IQ plane,
indicating different final states. (b) Histogram of the readout signals sampled from two different windows w1 and w2 in (a), confirming
temporally drifting final states after the transition. Even though the dominant transition happens to |4,), multiple higher states get
involved and their contribution fluctuates in time. (c) The hybridization parameter ®(0,) from the Floquet simulation as a function of
offset charge on the island and the drive strength, showing offset charge dependence of the intrinsic multiphoton transition. (d) Branch
analysis performed at three different offset charge conditions, n, = {0,0.025, 0.4}, shown by the vertical dashed lines in (c). In addition
to the branch swap between |0,) and |4,), at different offset charge conditions, additional branch swaps involve the levels |10,) and |12,),
confirming the experimental observation.
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Even though the offset charge sensitivity of the static
transmon level |4,) is expected to be less than a few
hundred kilihertz, the driven transmon level |4,) becomes
significantly offset charge sensitive. This increased sensi-
tivity arises from the drive-induced hybridization of the
transmon levels. As the offset charge fluctuates between
experiments, the resonance condition for the intrinsic
multiphoton transition, |0,) — |4,), also fluctuates, giving
rise to the observed fuzzy resonance in Fig. 18(a).

To support our interpretation of these results, we
perform Floquet simulation for the same drive frequency
8.2375 GHz with sweeping n,. In Fig. 18(c), we show the
hybridization parameter for the ground state ®(0,), plotted
for the range of drive power that corresponds to the same
range of ac-Stark shift in the experiment. The peaks in the
hybridization parameter ®(0,) correspond to multiphoton
resonances from |0,). We observe that the resonance
condition varies significantly with offset charge n,, span-
ning a wide range in drive power. Importantly, it exhibits
avoided crossings as n, is swept, indicating that the shift in
the observed resonance results from hybridization with
higher-lying levels which are n, sensitive. When the drive
condition satisfies such a transition to several hybridized
levels, the transmon ends up in a mixture of several higher-
energy states.

To identify these final states, we perform Floquet branch
analysis at different offset charge conditions. We show the
corresponding plots for three representative offset charges
n, = {0,0.25,0.4} in Fig. 18(d). In the branch-analysis
plot for offset charge n, = 0 and n, = 0.4, we observe that
level |0,) undergoes branch swaps not only with |4,), but
also with |10,) and |12,), respectively. The sensitivity of
these resonances to offset charge thus provides a micro-
scopic explanation for the temporal fluctuations in the
observed transitions and the measured population in highly
excited states in the experiment.
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