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Superconducting radio-frequency (SRF) cavities offer a promising platform for quantum comput-
ing due to their long coherence times and large accessible Hilbert spaces, yet integrating nonlinear
elements like transmons for control often introduces additional loss. We report a multimode quantum
system based on a 2-cell elliptical shaped SRF cavity, comprising two cavity modes weakly coupled
to an ancillary transmon circuit, designed to preserve coherence while enabling efficient control of
the cavity modes. We mitigate the detrimental effects of the transmon decoherence through care-
ful design optimization that reduces transmon-cavity couplings and participation in the dielectric
substrate and lossy interfaces, to achieve single-photon lifetimes of 20.6 ms and 15.6 ms for the two
modes, and a pure dephasing time exceeding 40 ms. This marks an order-of-magnitude improve-
ment over prior 3D multimode memories. Leveraging sideband interactions and novel error-resilient
protocols, including measurement-based correction and post-selection, we achieve high-fidelity con-
trol over quantum states. This enables the preparation of Fock states up to N = 20 with fidelities
exceeding 95%, the highest reported to date to the authors’ knowledge, as well as two-mode entan-
glement with coherence-limited fidelities reaching up to 99.9% after post-selection. These results
establish our platform as a robust foundation for quantum information processing, allowing for

future extensions to high-dimensional qudit encodings.

I. INTRODUCTION

Bosonic quantum systems have emerged as a com-
pelling platform for quantum computing, offering sev-
eral intrinsic advantages over traditional qubit-based
architectures. By encoding quantum information in
harmonic oscillator modes, these systems benefit from
long coherence times, large Hilbert spaces, and rela-
tively simple error channels dominated by photon loss.
Coupling to nonlinear superconducting circuits has en-
abled universal control and gate operations using a va-
riety of techniques [1-7] in both single-mode [8] and
multimode [9, 10] circuit QED systems implemented
with three-dimensional (3D) microwave cavities featur-
ing millisecond-scale coherence times. These capabili-
ties have enabled hardware-efficient implementations of
bosonic quantum error correction, including demonstra-
tions that surpass the break-even point [11-13]. More
recently, these control strategies have begun to extend
to ultra-high-coherence cavities [14, 15], with coherence
times exceeding tens of milliseconds and the potential
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for further improvements [16], opening new avenues for
scalable quantum information processing.

Qubit-based quantum computing has long been the
dominant paradigm, and even in bosonic error correc-
tion, cavity modes are typically used to encode logical
qubits [17, 18]. However, the large Hilbert space of a
cavity also makes it a natural platform for implement-
ing qudits, both natively and with error correction [19].
Qudits offer enhanced information density and can en-
able more compact and efficient quantum circuits across
a wide range of algorithms [20-22]. They are particularly
well-suited for quantum simulations in chemistry [23, 24],
condensed matter [25], and high-energy physics (HEP),
where they can naturally represent physical degrees of
freedom such as large spins, rotors, and gauge fields [26].
In HEP applications, for instance, a quantum field can be
discretized in position space and encoded within a single
high-dimensional qudit [27]. The advent of ultrahigh-
coherence cavities makes qudit-based computation and
simulation increasingly viable, enabling high-fidelity con-
trol over progressively higher Fock states and paving the
way for qudit-based quantum processors and simulators.

Despite their advantages, ultrahigh-coherence cavities
pose increasing challenges for quantum control as coher-
ence times improve. A central tension arises between
achieving fast, high-fidelity control and preserving the
cavity’s exceptional coherence. Strong coupling to ancil-
lary transmon circuits enables fast gates but introduces
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photon loss through the inverse Purcell effect and ex-
poses the cavity to backaction from ancilla errors. On
the other hand, weak coupling preserves coherence but
slows down gates and increases susceptibility to ancilla
decoherence during the operation. This trade-off can
be mitigated by driving the cavity or ancilla to achieve
gate speeds exceeding the native interaction rate, using
techniques such as conditional displacements [2], side-
band interactions [28], and sideband-enhanced selective
number-dependent arbitrary phase (SNAP) gates [29].
Nevertheless, as coherence continues to improve, it be-
comes increasingly important to develop control strate-
gies that are not only fast, but also fault-tolerant and
compatible with the demands of even higher coherence
platforms [30].

In this work, we present a two-mode bosonic quan-
tum system implemented within a multimode supercon-
ducting radio-frequency (SRF) cavity, achieving ultra-
high coherence times and novel cavity control capabili-
ties resilient to ancilla errors. Our system utilizes a two-
cell SRF cavity designed based on the TESLA geometry,
weakly coupled to a transmon circuit for precise quantum
control while preserving cavity coherence. We achieve
single-photon lifetimes of 20ms and 16 ms for the two
bosonic modes, significantly longer than most state-of-
the-art cavity QED platforms, establishing a record for
multimode quantum memories. Despite the coherence-
preserving weak coupling, we employ sideband operations
to achieve fast cavity control on timescales far shorter
than those set by the weak dispersive shift. In con-
junction with novel protocols that make cavity control
leading-order immune to ancilla errors, we achieve high-
fidelity preparation of Fock states up to N = 20 with
fidelity exceeding 95%, as well as two-mode entangle-
ment with coherence-limited fidelities achievable up to
99.9% after post-selection. These advancements in co-
herence and control mark a significant step in bosonic
quantum computing, opening avenues for exploring high-
dimensional qudit encodings and gate operations.

II. CAVITY CHARACTERIZATION AND
SYSTEM DESIGN

We designed a two-mode superconducting cavity based
on the multi-cell TESLA geometry [31, 32], consisting
of two elliptically shaped cells connected by a circular
aperture referred to as the iris, as shown in Fig. 1(a).
The cavity supports two normal modes, named “Alice”
and “Bob”, which arise from the hybridization of the
nearly degenerate bare TMg19 modes, resulting in sym-
metric and antisymmetric electric field profiles, respec-
tively (Fig. 1(b)). The radius of the iris controls the cou-
pling strength and consequently the frequency detuning
between the modes. The Alice and Bob modes are de-
signed to have frequencies of 5.779 GHz and 6.872 GHz,
respectively, allowing for the integration of a transmon
qubit that couples to both modes simultaneously. Cylin-
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FIG. 1. Device architecture and coherence properties.
(a) Schematic of the double-cell elliptical SRF cavity with
four ports for RF control. Three ports are used in this ex-
periment. The chip (blue) contains an ancilla transmon, a
Purcell filter and a half-wave strip-line resonator for measur-
ing the transmon. (b) Picture of the Niobium cavity (top
panel) with mounting brackets made of OFC copper. Bottom
panel shows the electric field distribution of the two funda-
mental modes dubbed ‘Alice’ and ‘Bob’. (c¢) Coherence times
of the single photon states obtained using T1 and Ramsey ex-
periments. (d) Relaxation times of Alice mode’s Fock levels
up to |20) with a fit to 1/(nvy1), where n is the Fock state
photon number and 1 = 1/T§1) is the decay rate of |1). The
inset shows that the theoretical decay rate of Fock |n) is equal
to ny1 for a harmonic oscillator.

drical waveguide pipes with sufficiently high cut-off fre-
quencies (35 GHz) are attached on either side of the cav-
ity; one of these houses the transmon. Additionally, each
pipe includes two ports for microwave drive lines to con-
trol various components.

We manufactured this cavity from high-purity nio-
bium, using e-beam welding to eliminate seam loss.
State-of-the-art surface treatments, such as chemical
etching and heat treatments, were applied to remove
damaged surface layers and contaminants. These steps
enable high quality factors for the cavity modes at milli-
Kelvin in the low-photon regime [14-16, 33], providing an
excellent platform for quantum computing applications.

To establish a baseline for the cavity’s performance
before integrating the transmon qubit, we first charac-
terized the bare cavity at 8 mK in a dilution refrigerator.
Using a classical decay measurement, we confirmed that
the two fundamental modes exhibit exceptionally long
decay times of 25.5ms and 19.3 ms, respectively, corre-
sponding to loaded quality factors of about 9.4 x 108



and 8.4 x 10%. To maintain this high-Q, we keep the
probe antenna highly undercoupled (Qeyt > 10*!), thus
preventing external losses from limiting the cavity life-
time. We also performed temperature-dependent mea-
surements of the cavity’s decay times to distinguish resid-
ual resistance from two-level-system (TLS) contributions,
obtaining results comparable with established SRF best
practices (see Appendix B). These findings confirm the
suitability of this design for quantum memory applica-
tions and demonstrate that our fabrication and prepa-
ration steps effectively preserve the cavity’s coherence,
laying the groundwork for subsequent transmon integra-
tion.

To achieve universal control of the two-mode cavity as
a quantum processing unit (QPU), we introduce a trans-
mon qubit that simultaneously couples to the two normal
modes, thanks to their similar electric field strengths at
the opening of the transmon tunnel. This integration
requires careful optimization since the transmon can in-
troduce the inverse Purcell effect and other loss mecha-
nisms to the cavity [14]. We adopt two main strategies
for this optimization. First, we carefully engineer the
cavity geometry to minimize the transmon chip’s partic-
ipation in the cavity field. Second, we reduce the disper-
sive shift by adjusting the transmon’s location along the
axis of the cavity, further lowering its participation ratio
while maintaining sufficient coupling for cavity control
(see Appendix C for details). RF simulations confirm
that these modifications preserve the TESLA geometry’s
inherent low-loss advantage, enabling robust two-mode
control with the ancilla qubit without sacrificing the cav-
ity’s long coherence times.

In our experiment, a transmon with frequency w, /27 =
6.402 GHz, relaxation time of T} = 147.4 us and Ram-
sey decay times of T§° = 47.3 us is integrated with the
2-cell cavity for control and readout. The coupling to
the modes is adjusted to obtain similar weak dispersive
shifts (xe/2m) of =71 kHz for Alice and —96 kHz for Bob.

We measure the single-photon lifetime Tl(l) = 1/7 of
20.6 ms for Alice and 15.6 ms for Bob modes, which are
reasonably close to the baseline cavity lifetimes. We also
measure the T of the modes by preparing a |0) and |1)
superposition state, finding 21.1 ms and 20.5 ms for Alice
and Bob modes, respectively. From these measurements,
we extract a pure dephasing time of around 43 ms and
60 ms for the two modes, which can be accounted for by
the transmon’s thermal shot noise (see Appendix A).

A characteristic property of a linear system is that the
decay rate of a Fock state -y, is proportional to its pho-
ton number, i.e. 7, = ny;. Equivalently, the lifetime
of the n-th Fock state satisfies T(ln) = Tgl)/n. We ex-
perimentally verify this relationship by preparing Fock
states with increasing photon numbers (as described in
the next section) and measuring their relaxation times.
Figure 1(d) shows the measured data in excellent agree-
ment with the theoretical expectation. Remarkably, the
lifetime of the |20) state remains above 1 ms, demonstrat-
ing the system’s potential as a high-coherence platform

supporting Fock states with large photon numbers, a pre-
cursor to qudit control.

IIT. FAULT-TOLERANT STATE PREPARATION
WITH SIDEBAND TRANSITIONS

Any two-level ancilla dispersively coupled to a lin-
ear system provides the nonlinearity needed for univer-
sal control. One widely used approach is the Selective
Number-dependent Arbitrary Phase (SNAP) gate com-
bined with unconditional displacement, which can im-
plement arbitrary unitary operations [1, 34]. However,
the standard SNAP gate duration should be sufficiently
longer than 27/|xe|, making it inefficient when y. is
small. In contrast, both the Echoed Conditional Dis-
placement (ECD) gate [35-37] and the sideband con-
trol [28, 38, 39], which also enable high-fidelity universal
control, with a gate time controlled by microwave drive
strength much shorter than the SNAP gate duration limit
2 /| .

In this experiment, we utilize the sideband scheme [28,
38, 40] for controlling the cavities and further develop
ancilla-error resilient state preparation schemes. The ba-
sic principle of preparing a large Fock state in a single
mode is illustrated in Fig. 2(a). The transmon-resonator
system is initially in the |g,0). The transmon is uncon-
ditionally excited to the |f) level applying broadband
mge and mey pulses. Then a sideband wég) pulse at the
|f,0) < |g,1) transition is applied to prepare the state
|g1). By repeatedly applying a sequence of 7, ey, and
ws(g) sideband pulses at |f,n) < |g,n + 1), it is possi-
ble to prepare Fock states up to a large photon number.
The sideband pulses need not be frequency selective for
the purpose of Fock state preparation as well as for cer-
tain other superposition states when a recently developed
shelving technique [28] is utilized.

In order to estimate the fidelity F,, of a Fock state with
photon number n, one can avoid full tomography as F,,
is equal to the population of the target photon number.
We measure the cavity photon population using photon-
number-resolved spectroscopy (PNRS), where the proba-
bilities are normalized using the transmon’s readout (|g)
and |e)) values. The population distribution for the Fock
20 is shown in the first panel of Fig. 2(c), with fidelity
Fo0 = 50.0% limited by the leakage to the lower Fock
levels, as a result of decoherence and control errors oc-
curring during the SB protocol.

In climbing the Fock ladder to reach the target photon
state, decoherence in both the transmon and cavity can
introduce errors during state preparation. Because the
cavity coherence time significantly exceeds that of the
transmon, and since transmon 7 pulses in our system are
approximately twenty times faster than sideband opera-
tions, the fidelity is primarily limited by transmon errors
occurring during sideband pulses. Specifically, a trans-
mon decay event from the initial state |f,n) results in
the error state |e,n), preventing the sideband transition



to |g,n + 1); similarly, transmon dephasing disrupts the
coherent transition |f,n) to |g,n + 1), leaving residual
population in |f,n). Although the probability of such
events within a single sideband operation is low, the mul-
tiple repetitions required to prepare high-photon-number
Fock states can cumulatively lead to significant infidelity.
To mitigate this cumulative infidelity caused by the an-
cilla, we have developed a “sideband feedforward proto-
col” (SFP), illustrated in Fig. 2(b). Akin to other tech-
niques exploiting multi-level transmon readout for fault-
tolerant cavity operations [41-45], the SFP leverages er-
ror syndrome detection via high-fidelity single-shot mea-
surements of the transmon populations in the |g), |e),
and |f) states after each sideband operation. This infor-
mation is then fed forward to determine the subsequent
corrective pulse. A measurement outcome of | f) heralds a
dephasing event, which we correct by repeating the same
sideband pulse. An outcome of |e) indicates a transmon
decay event; in this case, we first apply a 7.y pulse and
then repeat the sideband pulse to restore the intended
state. Finally, an outcome of |g) indicates the ideal sce-
nario where no error has occurred, and thus requires no
further correction.

The success of this approach strongly depends on
achieving a high-fidelity three-state readout of the trans-
mon. In our system, we achieve over 98% three-state
readout fidelity (see Appendix D for details) using a 1.7
us long readout pulse. By incorporating this SFP pro-
tocol, we significantly reduce the residual population in
the lower Fock states. As an example, Fig. 2(c) middle
panel shows the improvement in population to 82.6% for
Fock 20.

Furthermore, we observe that the remaining off-target
population after climbing the ladder to Fock N using
SFP is mostly found in the |N — 1), making it possible to
apply a parity filter (PF) and post-select out the |[N —1)
population for an additional improvement. Specifically,
we apply a 7mge/2 pulse at the frequency wy + Ny, wait
for m/|xe|, then apply a negative my./2 pulse, and finally
perform a transmon readout. During the wait time of
7/|Xe|, the transmon acquires a phase shift dependent
on whether the total photon number in the cavity is even
or odd. The final negative 74, /2 pulse then maps correct
parity states to |g) and incorrect parity states to |e). We
then discard measurement outcomes where the transmon
is found in |e), indicating a parity error. By combining
the PF with SFP, we further suppress the off-target popu-
lation, resulting in a higher preparation fidelity (Fig. 2(c)
right panel).

We perform an open-system simulation for the Fock
state preparation protocol, with detailed information in
Appendix E. The simulation shows that SFP effectively
corrects the transmon decoherence errors, which are the
main source of infidelities in the SB case. While the SFP
infidelity is noticeably improved by correcting the trans-
mon decoherence errors, the remaining infidelity arises
primarily from transmon readout errors and qudit relax-
ation errors caused by the additional readout operations.
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FIG. 2. Fock state preparation and characterization.
(a) Sideband scheme demonstrating the transfer of popula-
tion starting from |g0) to |gn). Addition of one photon in
the bosonic ladder involves application of unconditional 7y
(light blue arrows) and me¢ (red arrows) pulses on the trans-
mon followed by a m pulse (ms,) at the sideband transition
|f,n) <> |g,n + 1) (dashed green arrows). (b) Pulse proto-
col for correcting ancilla errors and cavity single-photon loss.
After each 7, pulse, the transmon is measured, followed by
application of conditional pulses to correct transmon errors,
termed as ‘sideband feedforward protocol’ (SFP). At the end
of the sequence, a parity filter (PF) is applied to post-select
results with the expected parity. The PF is implemented by
applying two opposite mge /2 pulses conditioned on n photons
with a gap of 7/|x.| so that the correct state is always mapped
to |g). (c) Photon-number-resolved spectroscopy (PNRS) of
the |20) state, prepared in the Alice mode, using sideband
only (left), SFP (middle), and both SFP and PF (right). SFR
significantly improves the height of the target peak, with re-
maining infidelity primarily caused by leakage to the off-target
state [19). This error is further suppressed by implementing
PF and post-selecting on the correct state. (d) Fidelities of
different Fock states in the Alice (round markers) and Bob
(triangular markers) modes prepared using the three meth-
ods. The error-resilient methods clearly improve the state
preparation fidelities.

This change in the source of infidelities explains the out-
of-target population predominantly observed in the state
|N —1) when using SFP compared to a more even out-of-
target distribution in the SB case, as shown in Fig. 2(c),
since the effective qudit relaxation rate increases with
the photon number while the transmon decoherence er-
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FIG. 3. Virtual Raman-assisted beamsplitter (VRBS) operation. (a) Level diagram showing microwave drives for
realizing the VRBS operation between the two modes and relevant stochastic processes that can lead to errors. The green
arrows represent detuned |f0) <> |g1) transition for both modes with rates gs». The gray lines show single-photon decay
channels giving rise to erasure errors. The red lines represent transmon heating events arising due to sideband drives. (b)
Characterization of VRBS interactions. The three panels show beamsplitter rates, cavity decoherence rates, and gate fidelities
as a function of the sideband detuning. Blue and red markers denote experimental data and numerical simulation results,
respectively. (c) VRBS fringes with the circuit diagram. Top and bottom panels show data before and after discarding cases
of erasure error. Fidelity numbers are obtained using Eq. (2). (d) Action of swap operations. The transmon is measured after
each swap (top panel) and a heating check is performed by not discarding only if it is found in |g). The gate Uss is not applied
when the initial state is |10). The extracted swap fidelity improves when heating check is performed (middle panel). The initial
state (]10) 4 ]01))/v/2 is used to calibrate the phase component of the beamsplitter operation. Ugs (bottom panel).

rors are largely insensitive to the photon number. The
simulation results indicate that the fidelities of SFP, par-
ticularly for high Fock state preparation, can be further
enhanced by optimizing transmon readout and reducing
qudit relaxation errors.

We plot the state preparation fidelities of Fock states
up to twenty photons for Alice and Bob modes, in
Fig. 2(d). The traces show clear improvement of the
Fock state fidelity obtained with SFP and PF techniques,
compared to the vanilla SB protocol. We achieve prepa-
ration fidelities of 95.3% and 94.6% for the Fock state
|¥)a/8 = [20) in the Alice and Bob modes, respec-
tively. To the best of our knowledge, this represents the
highest reported fidelities for such high-photon-number
states to date. While we have demonstrated only ba-
sis state preparation, sideband control enables arbitrary
state synthesis [40, 46] and theoretically supports uni-
versal multi-qudit gate operations [39, 47]. Achieving
high fidelity and long coherence for large Fock states thus
opens new opportunities for qudit-based quantum com-
putation [22, 25, 48-53], quantum sensing [54, 55|, and
quantum simulation [26, 27, 56-61].

IV. SIDEBAND-MEDIATED VIRTUAL RAMAN
INTERACTION FOR CAVITY ENTANGLEMENT

As a demonstration of two-mode control in this cav-
ity system, we extend the sideband approach to imple-
ment a two-mode entangling operation, realizing a beam-
splitter interaction in the single-photon subspace of the
two modes. Such interaction has previously been imple-
mented using either a transmon [62, 63] or a dedicated
coupling element to enable three- or four-wave mixing
between modes [6, 7]. In contrast to standard four-wave
mixing with a fixed frequency transmon, we leverage the
transmon’s |f) level to mediate the interaction. By si-
multaneously driving the transmon at a detuning A from
the |f0) <> |g1) sideband transitions of both Alice and
Bob, we activate a virtual-Raman-assisted beamsplitter
(VRBS) interaction between the two modes, enabling co-
herent photon exchange and entanglement (see Fig. 3(a)).
Choosing A larger than the sideband rates suppresses
direct population of the more lossy transmon |f) state
during the interaction, albeit at the cost of a reduced



conversion rate. Importantly, compared to the stan-
dard four-wave mixing protocol, our technique achieves a
faster conversion rate for a given drive strength, with an
enhancement factor of |a/A|, where « is the transmon
anharmonicity (see Appendix F).

To estimate the fidelity of the entangling operation,
we begin by measuring the evolution of the two modes
under the VRBS interaction, with an initial single-photon
Fock state in the Alice mode. After an evolution time of
t, we turn off the VRBS interaction, and map the two-
mode states in the single-photon subspace, specifically
|10), |01), and the erasure state |00) (order: Alice ® Bob),
onto the transmon states |e), |f), and |g), respectively
(see Appendix I). This allows us to monitor the evolution
of the state populations as a function of time, which can
be fitted to the theoretical model described in [7],

Poay = 5e (1 + e cos(gst)), (1)
where ggs is the beamsplitter rate, with the correspond-
ing beamsplitter time 7/(4gps). The effective decay and
dephasing rate of the oscillation, x; and k¢, together de-
termine the coherence-limited fidelity of the beamsplitter
and the swap operations,

T KBS T KBS K¢
Fio~1———=, F§ ~1l————, KBs = K1 + —
BS 4 gBS s £ SWAP 9 gBs ) (22)

We optimize the fidelity of the cavity entangling oper-
ation as a function of the VRBS detuning A. For a fixed
sideband drive strength gsp, the Raman-assisted beam-
splitter rate increases as A decreases, as shown by the
experimental data in Fig. 3(b, left). However, this en-
hanced interaction comes at the cost of both increased
decay and dephasing. Qualitatively, the beamsplitter
rate scales inversely with A (see Appendix F), while the
sideband-drive-induced Purcell decay follows an approx-
imate A~2 dependence [29]. This scaling alone would
suggest that the total infidelity should decrease with in-
creasing detuning. However, at large detunings, cavity
decoherence is no longer limited by sideband-induced de-
cay, but is instead dominated by dephasing due to trans-
mon heating induced by the strong drive tones. This
heating arises from undesired parametric processes such
as dressed dephasing [64]. A heating event excites the
transmon to the |e) state, effectively halting the coherent
photon exchange . As a result of the strong transmon-
state-dependence of the beamsplitter rate, this intro-
duces statistical dephasing of the VRBS oscillation (see
Appendix F). Additionally, transmon heating enhances
photon shot noise dephasing of the cavity modes. Since
these heating processes are governed by the detuning
between the transmon and the drive (on the order of
GHz [65]), they are largely insensitive to MHz-scale vari-
ations in A, leading to the observed saturation of the
beamsplitter dephasing time 1/k4 at large detunings in
Fig. 3(b, middle).

The interplay between these mechanisms leads to a
maximum in gate fidelity as a function of sideband de-

tuning, as shown in Fig.3 (b, right). We quantita-
tively capture this trade-off using open-system numerical
simulations, from which we extract cavity decoherence
times, beamsplitter rates, and the resulting gate fideli-
ties across a range of detunings. The simulated results
show good agreement with experimental measurements
(see Appendix G for further discussion).

The coherent photon exchange process corresponding
to the VRBS interaction at the optimal parameters are
shown in Fig.3 (c, top). Fitting this oscillation us-
ing Eq. (2) yields a coherence-limited beamsplitter fi-
delity of 99.7%. This operation can be interpreted as
a single-qubit gate on a dual-rail qubit ({|10),]01)}) en-
coded across the single-photon subspace of the two cav-
ity modes [45, 66]. We observe a gradual increase in the
population of the |00) state during the interaction as a re-
sult of photon loss in the cavity modes, equivalent to the
erasure error of a dual-rail qubit. While we do not imple-
ment an erasure syndrome measurement that preserves
the dual-rail qubit state, we estimate the improvement
in fidelity from erasure checks by post-selecting on the
absence of erasures at the end of the oscillation. The re-
sulting oscillation, conditioned on no erasure events, ex-
hibits a greatly prolonged decay constant of 1/ = 70.85
ms, translating to an improved Fgg of 99.8% (Fig. 3(c,
bottom)).

In addition to post-selecting on erasure errors, we also
perform mid-circuit detection of transmon heating er-
rors, which, as previously discussed, are the dominant
source of dephasing in the VRBS operation. These heat-
ing errors are detected via a transmon measurement,
which—when post-selecting on the transmon being in
the ground state—introduces negligible backaction on the
cavity states due to the weak hybridization between the
transmon and the cavities in our regime. We verify that
the cavity Fock state lifetimes are unaffected by repeated
transmon measurements in Appendix I. We demonstrate
the resulting fidelity improvement using a SWAP oper-
ation. To amplify the effect of heating, we apply a se-
quence of SWAP gates implemented via the same VRBS
interaction. As a baseline, Fig. 3(d, top) shows the out-
come of this sequence—initialized in |g10)—with only a
final erasure check. The measured heating rate is found
to be approximately 1% per SWAP (See Appendix H). To
quantify the benefit of heating error detection, we then
perform transmon measurements after each SWAP. The
corresponding results, also shown in Fig. 3(d, middle),
exhibit a clear improvement in contrast after one hundred
SWAPs, corresponding to a two-fold improvement in fi-
delity (infidelity drop from 0.4% — 0.2%). We further
verify that this improvement holds for initial states pre-
pared as entangled superpositions of the two modes (i.e.,
equatorial states on the Bloch sphere in the dual-rail en-
coding) by applying a Ugsg following the initialization of a
Fock state in one mode (Fig. 3(d, bottom)). We thereby
realize a partially error-detected SWAP gate, which can
be incorporated mid-circuit to improve the fidelity of
shallow-depth algorithms and to support dual-rail surface



code implementations [44] using simpler fixed-frequency
transmon couplers. This error-detection scheme can also
be extended to beamsplitter operations via additional
pulse calibration steps that compensate for Stark shift ef-
fects [7]. Based on the SWAP gate measurement results,
we infer a coherence-limited fidelity of Fjiq =~ 99.9%
for the error-detected beamsplitter gate—comparable to
state-of-the-art results, albeit with longer gate durations,
but achieved using significantly simpler circuit hardware.

The demonstrated VRBS operation entangles the two
cavities within the single-photon subspace. When ex-
tended beyond this subspace, the interaction continues
to couple states of fixed total photon number and me-
diates single-photon exchange between the modes. How-
ever, the nonlinearity of the transmon introduces photon-
number-dependent corrections to the beamsplitter rate,
as shown in Appendix F. In particular, the rate is
modified because the VRBS detuning for higher-photon-
number sectors is altered by their dispersive shift. This
nonlinear (non-Gaussian) beamsplitter can serve as a
primitive for implementing entangling gates between qu-
dits and for quantum simulations of interacting bosonic
systems. For example, in the two-qutrit subspace, five
VRBS operations combined with single-qutrit rotations
can be used to synthesize the qutrit CSUM gate with
99.1% fidelity (see Appendix J). The potential of this gate
operation for universal qudit control will be explored in
future work.

V. CONCLUSION

We have demonstrated a superconducting quantum
platform that combines ultrahigh coherence with error-
resilient control in a two-mode SRF cavity-based circuit
QED system. By leveraging sideband interactions and a
real-time feedforward protocol, we achieve high-fidelity
preparation of Fock states up to n = 20, with post-
selected fidelities exceeding 95%. We further realize two-
mode entangling operations mediated by a virtual Raman
transition through the intermediate |f00) state, allowing
for coherence-limited beamsplitter fidelities up to 99.9%
after post-selection. The current gate speed is limited by
the sideband rate, which can be improved through further
design and RF wiring optimizations. Extending beyond
the single-photon manifold, the ancilla-mediated interac-
tion introduces nonlinear terms in the effective Hamil-
tonian that may be harnessed for simulating interacting
bosonic systems and as primitives for entangling qudit
gates—directions we plan to explore in future work. We
also aim to investigate the application of feedforward in
the context of gate operations.

The elliptical-shaped 2-cell cavity architecture demon-
strated in this work can be naturally scaled by increas-
ing the number of cells to realize larger multimode sys-
tems. These can be configured into cascaded random
access quantum memories [67] with order-of-magnitude
improvements in coherence times, where each two-cell

module serves as a cache memory. Improved surface
treatments [16] can further improve quality factors by an
order of magnitude. Additionally, these two-cell devices
can function as modular building blocks for a scalable
quantum module, leveraging quantum-state router [68]
for the exchange of quantum information and the dis-
tribution of entanglement. This setup can be further
scaled by employing remote interconnection between the
scalable modules, and even across different cryogenic sys-
tems, facilitating the development of a distributed quan-
tum network with improved coherence and transforma-
tive computational power.
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Appendix A: System Hamiltonian parameters

In this experiment, there are four bosonic modes in-
volved in the system: two 3D high-Q cavity modes, Alice
and Bob, one quasi-planar readout resonator mode, and
the weakly nonlinear ancilla transmon mode. The system
Hamiltonian can be expressed as

H/h = waila + wpbTh + w77
+ wqle) (el + (2wg + )| ) (f]

+x2 le)(elata + xZ le)(elbTd + X[ [e) (el 7
(A1)

Values of the Hamiltonian parameters and loss parame-
ters of the system are shown in Table. Al. The inverse-
Purcell limit on the cavity mode lifetime is determined
by both the relaxation as well as the dephasing channel
of the transmon, which can be approximated as [14, 69]

2
TlPuécell ~ (A%b) TZQI(;; . (AQ)

“ Ja,b 2
From this, we estimate decay times of THuweell = 1,175

and Tf;“rce” = 0.34s, far exceeding the bare Alice and



Parameter ‘ Description ‘ Value
Wa Alice mode frequency 21 x 5.779 GHz
T# Alice mode depolarization time 20.6 ms
s Alice mode Ramsey decay time 21.1ms
g Alice mode thermal population <0.1%
wh Bob mode frequency 21 X 6.872 GHz
TE Bob mode depolarization time 15.6 ms
T Bob mode Ramsey decay time 21.7ms
b, Bob mode thermal population <0.1%
wq Transmon |g) <> |e) frequency 27 x 6.402 GHz
o Transmon anharmonicity —2m x 245 MHz
Ti¢ Transmon depolarization time 147.4 ps
T9¢ Transmon dephasing time 47.3 us
Ty Transmon Hahn-echo coherence time 205.8 s
g Transmon thermal population 0.25%
T/ Transmon | f)-state lifetime 80.1 us
iz Transmon (|g) + |f)) coherence time 45 us
Ja Transmon—Alice vacuum Rabi coupling |27 x 5.841 MHz
b Transmon-Bob vacuum Rabi coupling |27 x 8.114 MHz
X Transmon-Alice dispersive shift —27 X 7T1kHz
X Transmon—Bob dispersive shift —2m x 96 kHz
Wy Readout resonator frequency 27 x 8.379 GHz
TE Readout resonator lifetime 266 ns
Xar Transmon-readout dispersive shift —2m x 411 kHz
wp Purcell resonator frequency 21 x 8.529 GHz

TABLE Al. Experimentally measured various system
parameters.

Bob lifetime limited by the cavity intrinsic material loss.
It’s worth noting that this approximation assumes the
same dephasing rate measured from the Hahn-echo ex-
periment, for the actual dressed-dephasing-induced cav-
ity decay process, whereas in reality they are sensitive to
dephasing noises at very different frequency scales (MHz
vs GHz). A more precise understanding of the Inverse-
Purcell limit due to the dephasing noise would require
probing the dephasing spectral density via spin-locking
techniques [70].

We also estimate the cavity dephasing time limit due
to the transmon thermal shot noise. In the small ther-
mal population limit, we approximate the thermal-noise-
induced cavity dephasing time as [71, 72]

Tth _ (X?b)Z + (Tiqe)72 (A 3)
pab T _gq T92)—1 a,byo” .
g, (T7°) 71 (xe”)
Plugging in parameters in Table. A1, we obtain T(;h =
59 ms for both modes, reasonably close to the measured
cavity dephasing times.

Appendix B: Cavity fabrication and loss
characterization

The cavity is CNC-machined from high residual re-
sistivity ratio (RRR~ 300) grade high-purity Niobium
in three separate parts, which are then electron-beam
welded along the equators to eliminate seams at the
joints. The cavity undergoes a buffered chemical pol-
ishing (BCP) process, removing approximately 120 pm
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FIG. Al. Bare cavity characterization. (a) Ringdown
measurements for the Alice mode with showing raw data and
linear fits. (b) Similar measurements for the Bob mode.
(c) Internal quality factors as a function of mixing chamber
plate’s temperature for both modes and fitting to the TLS
model.

of material to eliminate mechanical damage and embed-
ded contaminants introduced during manufacturing. Af-
terward, it is cleaned with a high-pressure water rinse
and vacuum-baked for three hours at 800°C to remove
hydrogen absorbed into the Niobium during the BCP
treatment.

To assess the intrinsic performance of our cavity, we
conduct characterization measurements of the bare cav-
ity at 8mK. We observe (loaded) energy relaxation times
of 25.545ms £+9 us for the Alice mode and 19.299 ms
+4 us for the Bob mode using ringdown measurements
performed with a vector network analyzer. Figure Al(a-
b) show power emitted from the cavity modes mea-
sured in two distinct ways—phase-insensitive and phase-
sensitive. The phase-insensitive traces are obtained by
first measuring the power using squared sum of the I/Q
values at a given time followed by averaging many such
data points. The phase-sensitive traces are obtained by
reversing the order, namely, taking the average of in-
dividual I and @ values separately and then obtaining
square-sum to obtain the power. We extract the pure
dephasing times of about 1810 ms and 790 ms of the bare
cavity modes using the methodology introduced in [73]
by utilizing these measurements.



Additionally, we perform a temperature sweep to in-
vestigate the temperature dependence of internal quality
factor (Qo), allowing extraction of the zero-temperature
loss tangent(dg) associated with two-level systems (TLS),
the residual surface resistance(Ryes) [16], and tempera-
ture measurement efficiency (5) using the following func-
tion

b
Qo(T)

where T is the temperature in Kelvin, F' is the surface
oxide filling factor, and G is the geometry factor calcu-
lated from finite-element simulations. At each tempera-
ture point, we perform a ring-down measurement to ex-
tract the loaded quality factor, Q. We then calculate
the internal quality factor Qq, from this @7 in conjunc-
tion with the coupling quality factor Qext obtained from
circle fitting at base temperature. The relevant parame-
ters are shown in Table A2. The measured residual sur-
face resistance is higher than that typically observed in
standard SRF cavities[74, 75], suggesting the presence of
residual contaminants on the cavity surface. Subsequent
studies with different cavities confirmed the likely pres-
ence of such contamination in the furnace used for the
cavity preparation. Based on this, elimination of these
additional losses can be achieved by an extra buffered
chemical polishing (BCP) etching to remove the embed-
ded contaminants. Furthermore, we plan to reduce the
TLS losses coming from surface oxide via enhanced sur-
face treatment techniques developed previously [16]. The
most recent progress of SQMS (manuscript in prepara-
tion) includes demonstrating the ability to grow an air-
exposure robust oxide with the drastically suppressed
TLS density, which should allow a further multifold in-
crease in the cavity quality factor. These combined im-
provements should allow at least an order of magnitude
improvement in the energy relaxation times of both Alice
and Bob modes.

hw ) n Rres

— Féy tanh (ﬁ%BT o

(B.1)

fo (GHz) G () Ries(n2) Féo F do

5.779 (Alice) 295 734 8.0x107'° 6.7 x107° 0.12
6.872 (Bob) 298  121.9 7.9x 107'° 1.5 x 107® 0.05

TABLE A2.
TLS model.

Extracted parameters from fitting the

Appendix C: Minimization of transmon induced
losses

Our cavity design leverages the established TESLA ge-
ometry, commonly employed in particle accelerators, pro-
viding inherent advantages such as a small surface oxide
filling factor (< 2 x 107%) and a large geometry factor
(= 270,9Q). These characteristics significantly reduce di-
electric and surface losses, enhancing cavity coherence.
However, coupling the inherently lossy transmon chip to

the cavity introduces various loss channels, including di-
electric and surface losses.

In this section, we outline two complementary strate-
gies to minimize losses induced by the transmon chip: re-
ducing the transmon-cavity dispersive shift and strategi-
cally positioning the transmon frequency near the strad-
dling regime. These approaches enable an optimal bal-
ance between achieving a strong dispersive shift and min-
imizing inverse-Purcell losses. Using finite-element simu-
lations, we calculate the loss channel participation ratios
Pbulk, PMA, Psa, and pys. Following the methodology
outlined in [76], we estimate the transmon chip’s bulk loss
rate as Khulk = WePbulk tan dpyk and surface loss rate as
Ksurf = We Zi:MS,MA,SA p; tan d;. We evaluate these loss
rates as functions of the dispersive shift and transmon
frequency, as summarized in Table A3. Our analysis in-
dicates that, under the current parameter configuration,
material losses do not impose significant limitations on
the cavity T performance.

[ €|E[2dv
Poulk = 2k —— — > (C.1)
S €1E|2dv
tourt fMA €| E|*do
PmA = =1 (C.2)
erMA [, €/ E2dv
tsurt fSA,MS €| E|*do (©.3)
PsAMS = = .
Jan €1 EPdv
Transmon Alice Bob
Wee /2T |XE/2T Kbulk/2T Ksurt/27 | X2 /27 Kbulk /2T Ksurt/2T
(MHz) |(kHz) (Hz) (Hz) | (kHz) (Hz) (Hz)
6714 -21 0.017 0.004 | -150 0.604 0.178
6434 -58 0.027 0.007 -68 0.101 0.014
6304 -120  0.036 0.009 -43 0.065 0.017
TABLE A3. Transmon chip induced loss rates for cavity
modes.

Appendix D: Transmon readout fidelity

The frequency, amplitude and length of the readout
pulse is optimized to maximize the 3-state discrimination
probabilities for the transmon. A Josephson parametric
amplifier (JPA) with about 17.7 dB gain is used to am-
plify the readout signal at the base temperature. The 1Q
blobs and demarcation lines for the |g), |e) and |f) levels
are pictured in Fig. A2(a). This mapping is used for mak-
ing decisions in the SFP protocol for correcting ancilla
errors during Fock state preparations. The correspond-
ing confusion matrix is shown in Fig. A2(b) resulting in
an overall readout fidelity of 0.9876.
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FIG. A2. Three-level readout of the transmon. (a) IQ
blobs and demarcation lines for |g),|e) and |f) states. (b)
Resulting confusion (assignment) matrix.

Appendix E: Fidelity estimations for SFP

This appendix presents an open-system simulation of
the fault-tolerant state preparation protocol discussed in
Sect. IIT conducted by classical computers. The simula-
tion results indicate that the sideband feedforward pro-
tocol (SFP) nearly completely corrects decoherence er-
rors in the ancilla transmon qubit. However, this comes
at the cost of introducing additional errors due to trans-
mon decoherence and measurement errors. This trade-off
directly results in the dominant peak of the (N — 1) out-
of-target population, as shown in Fig. 2 and confirmed by
simulation. In the following subsections, we will explain
the noise model used in the simulation and discuss the
insights the simulation results provide.

1. Noise model

In the following, we will discuss a noise model for the
transmon readout error and the decoherence effects of
both the qudit and the ancilla transmon qubit based on
the calibration data presented in Table Al.

All unitary operations performed for the state prepa-
ration are rotations between two levels, R; (), where j
and k are level indices of the qudit-transmon system and
¢ is the rotation angle. For example, the sideband tran-
sition is given as Ry, (n+1)¢(m/2). Here, without loss of
generality, we construct the rotation unitaries analogous
to the qubit rotation along the y-axis as

Ry(6) =(7) ] + [B){Hl) cos 5 + (1K) 5l — 11} (k) sim 3

2
+ 10

(E.1)
044,k

Different choices of rotation unitary construction corre-
spond to different pulse realizations of transition opera-
tions between two levels, which result in different phases
for the two levels. However, this difference does not af-
fect the simulated fidelity of our Fock state preparation
protocol. Hence, we pick a specific construction for all
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rotations. Without noise, the rotation operations modify
the system state |¢) such that

W) = R x(0)]0).

We use the Lindblad master equation [77] to simu-
late the Fock state preparation protocol with noise. The
Lindblad master equation, which governs the time evo-
lution of the system density matrix p, can be written as

(E.2)

W itf@), 0+ Y DlAas, (E.3)

Here, 15[121&] is the Lindblad superoperator given by
D[A]p = /Alpfﬁf%fﬁflpf%pfﬁfl, cach jump operator A,
is associated with a decoherence channel to be discussed
in the next paragraph, H(t) is the system and control

Hamiltonian generating the rotation operation such that

T N
Rin(6) =T / dte—iA®, (E.4)
0

where T is the gate time. The noisy rotation operations

N 1 (0) evolves the system density matrix such that

p— Njk(0)p. (E.5)

By assuming that the rotation angle is directly propor-
tional to the gate time, N; 1 (6) can be approximated with
a second-order symmetric trotterization such that

m
5 9
Rj,k(gm)> :
(E.6)
where m is the trotterization step and R, ,(6) is the su-

peroperator corresponding to the unitary rotation oper-
ation such that

Rjk(0)p = R x(0)pR] . (0).

We determined numerically that a value of m = 4 is
adequate for our simulation.

The transmon depolarization and the thermal heating
for the ancilla transmon qubit with three levels are mod-
eled by the jump operators

N (8) =~ (ﬁj,k(gfn)

1+ L3 "D(A,)

(E.7)

Aga =y /yroe (1 +08)(V20e)(f] + [g)(e]),  (EB)
Arg oy =/ yrpeny (V21 F) (el + le){g]), (E.9)
(E.10)

where ypoe = 1/T7° is the transmon decay rate, and
nf, is the average thermal population. For the transmon
pure dephasing, we use the model for a three-level sys-
tem discussed in reference [78] that two jump operators
describe the pure phasing,

ATg,f = 27Tj,’e|f><f|7 (E.11)
Arg e = \/rrgle)el, (E.12)



where 7, = 1/T5° — 1/(2T7{°) is the transmon pure de-
phasing rate. The factor v/2 associated with the f state
comes as an approximation from the ratio between the
noise sensitivity of the f — g energy difference and that of
the e — g energy difference, and more detailed discussions
of the estimation of the dephasing time of the qubit can
be found in references [79, 80]. For the Alice-mode qudit,
we write the jump operators for depolarization and pure
dephasing as

ATIA == /’}/fl'led7 (E.lg)
Am = WT;;&T&, (E.14)

where ypa = 1 JT{ is the Alice-mode decay rate and
Yra = 1/T$ —1/(277") is the Alice-mode pure dephasing
rate. The jump operators associated with the Bob-mode
qudit can be written similarly.

We also take into account the transmon readout fi-
delity, which introduces error to the SFP, as the correc-
tion is conditional on the ancilla transmon qubit read-
out. While the confusion matrix shown in Fig. A2 is
sufficient for readout mitigation, it does not distinguish
between the transmon-relaxation-induced readout error,
which SFP can partially correct, and the classification
error, which SFP cannot correct. To more accurately
estimate the readout-related error, we model the read-
out fidelity using a transmon relaxation probability, de-
noted as Preadout, along with symmetric classification er-
ror probabilities. We optimize both the transmon relax-
ation probability and the classification error probabilities
to best match the experimentally measured confusion
matrix. This yields the following results: preadout(e —
g) = 0.0055, preadout(f — €) = 0.0110, and the classifi-
cation error rate array

0.9976 0.0024 0.0000
0.0024 0.9966 0.0010
0.0000 0.0010 0.9990

(E.15)

Note that the experimentally measured confusion matrix
used for optimization is slightly different from the one
shown in Fig. A2 due to parameter drift. During the
transmon readout, we also take into account the qudit’s
idling by including the corresponding depolarization and
dephasing effects over the readout time of approximately
1700 ns in the simulation.

2. Simulation results

The simulated population distributions shown in
Fig. A3(a) are consistent with the experimental results
shown in Fig. 2(c). In particular, vanilla SB demon-
strates a nearly even distribution for the off-target states,
while SPF exhibits a distinct peak at |[N — 1). This
can be explained as follows: although the SFP effec-
tively corrects most transmon errors, the lengthy read-
out time for each transmon (approximately 1700 ns) in-
volved in the correction process makes uncorrected qudit
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FIG. A3. Fock state preparation simulation for the
Alice-mode qudit. (a) Simulated qudit population to pre-
pare |[n = 20) Fock state. (b) Simulated fidelities improved
by SPF and further improved by PF. (¢) Ceiling analysis of
the error sources.

decoherence errors more prominent. In contrast to the
photon-number insensitive transmon errors, which result
in nearly uniform off-target populations, the effective er-
ror rates for qudits tend to increase with the photon num-
ber. Consequently, the off-target distribution is skewed
towards N. In the simulation, the |[N — 1) peak is com-
pletely suppressed by PF, while it remains visible in the
experimental data. This discrepancy arises because we
do not account for the parity filtering efficiency in the
simulation.

The predicted fidelities shown in Fig. A3(b) are higher
than the experimental results presented in Fig. 2(d). This
discrepancy is expected because our noise model is in-
complete. In particular, control errors are not calibrated,
and thus are not included in the noise model for simu-
lation. The absence of control errors in the noise model
is likely the reason why the trend of the predicted SB’s
fidelities decreases at a slower rate than linear with in-
creasing photon numbers. In contrast, the experimental
fidelities show a faster-than-linear decrease as the photon
number increases. In the simulation, the decoherence er-
rors are approximately proportional to the sideband tran-
sition time, which decreases as 1/|x.| ~ 1/v/N. However,



as we move to higher photon numbers, we expect the con-
trol errors to become more pronounced as a result of the
increasingly crowded energy levels. Therefore, it is likely
that the control errors account for the faster-than-linear
decrease in the experimental fidelities.

As we discussed earlier, SFP effectively corrects nearly
all transmon decoherence errors, albeit at the cost of in-
creasing qudit decoherence errors. This understanding
is supported by the ceiling analysis illustrated in Figure
A3(c). In our ceiling analysis, we toggle specific noise
channels on and off. For instance, the red line demon-
strates the difference in fidelities when transmon pure de-
phasing is on compared to when it is off. This approach
allows us to estimate the contributions of transmon pure
dephasing and other noise sources to the overall infideli-
ties. Comparing the SFP ceiling analysis on the right
with the SB one on the left, the analysis clearly shows
the effectiveness of SF'P in correcting the transmon deco-
herence errors (red and green). Meanwhile, readout er-
ror (purple) and qudit depolarization (blue) become the
limiting factors in the Fock state preparation protocol
with SFP. This indicates that achieving higher fidelities
and preparing higher Fock states will require further im-
provements in the ancilla transmon readout fidelity and
the qudit 77, in addition to the control errors mentioned
above.

Appendix F: Raman-assisted beamsplitter
interaction

Here we derive the Alice-Bob beamsplitter interaction
in the virtual Raman protocol. The Hamiltonian of the
driven system is

’}:[/h = wade + wbi)TiJ + wqo(ffcj

~ Ga . 9b 3
— Ejcosy {Hq (q + A—aa + Abb) + h.c.}

+ Z ex cos (wyt) (G +4)
k=12

(F.1)

where g,) and A, stand for the coupling strength
and detuning between Alice(Bob) and the transmon, and
cosy stands for 4-th and higher-order components of
the cosine function. €;(2) and wy(o) are the amplitudes
and frequencies of the two sideband drives acting on the
transmon. Going into the displaced frame with respect
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to the sideband drives,

Haisp/h = wadla + wpbtd + wy0q'd

—Ejcospy |0, | ¢+ Z gke—iwkt+7aa+&g

g
h.c.
A, A, + h.c
k=1,2

(F.2)

where &; o represents the drive-induced displacements.
We further set the drive frequencies to be wy(2) = 2w, +
@ — wWap) — A to match the VRBS resonance condition,
where « is the transmon anharmonicity, and A is the
virtual level detuning from |f00). From going to the ro-
tating frame and collecting the relevant slow-oscillating
terms in cosy) expansion, we may approximate the virtual
Raman (VR) Hamiltonian as

~ « RN N SRR
Hyr/h = 50'6'44 + xeq' 4 + x24"G"h
Byl 4 (€ AP
B 42 19a . 29b —iAt
5 4 ( A, a—+ A, b> e (F.3)

B E 0361659090
AN,

ab’ +h.c.,

where the second line represents the direct Alice-Bob
beamsplitter interaction mediated by the 4th-order non-
linearity. By doing second order perturbation theory
to eliminate the virtual states, we the total effective
beamsplitter interaction between Alice and Bob in the
{|10),|01)} subspace to be

. B2056:650000  Es006E500mm ) -
HR /b~ ( af1&3900 _ Fobo©i8i gb) abt + h.c.

20, A A 44,4
(F.4)
(20 1\ a&i&59a9 .54
~ <A + 2) AN, ab" +h.c.. (F.5)

This clearly shows that, comparing to the direct four-
wave-mixing beamsplitter rate (represented by the 1/2
term), the VR scheme possesses a significant enhance-
ment factor of /A, making it over an order of magnitude
faster than the former scheme in our experiment.

While this captures the essential interaction under-
lying the VR scheme, accurately modeling the system
dynamics requires incorporating drive-induced or non-
linear interactions, which we derive below. We apply a
Schrieffer-Wolff transformation [81] with a generator of

S = En:(),m:O(SV(ﬁT)’L + ST(Lljzn), where
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The term in Eq. (F.3) transforms as

le) el [12) (A

D

n,m

(

20,0 A+ (2n+2m)xy A+ (2n+2m+2)x
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)

@+ D(m+1)(|ln,m+1){n+1,m|+ n+ 1,m)(n,m+ 1]).

From the equation above, we note that the beasmplit-
ter rate is highly dependent on the transmon state, with
detunings in the energy denominator differing by the an-
harmonicity.

When the transmon is in the ground state, the expres-
sion above can be approximated by the following operator
equation in the regime where xy < A:

E35036185 9090
YAVANWANS

l9) (gl @ (ab" +alb) |1 — QKX(ﬁa + i, — 1)} :

(F.8)
The beamsplitter rate is modified because the drive de-
tuning to the virtual states (VRBS detuning) for higher-
photon-number sectors are altered by their dispersive
shifts. This nonlinear correction to the beamsplitter gate
has applications in universal qudit control, as discussed

in Appendix J.

Appendix G: Numerical simulation of VR
entanglement

Here, we provide details on the numerical simula-
tions of the Raman-assisted beamsplitter dynamics. The
Hamiltonian in the bare basis is

H/h=waala+wpb’b + wyg'q — By cosm [0, (47 + ¢)]
+ga(@’ +a)(@" +4) + g (6" +)(d" + )
+ Z ex cos (wit) (G+4") .
k=1,2
(G.1)
The circuit parameters are chosen such that the static

energy spectrum of the Hamiltonian reproduces the ex-
perimental values listed in Table. A1.

(F.7)

Next, we calibrate the sideband drives for Alice and
Bob individually. For a fixed sideband amplitude (e.g.,
€1), we sweep the corresponding drive frequency wy to
extract the resonant | f0)—|g1) sideband oscillation period
between Alice and the ancilla. This procedure is repeated
until the simulated resonant oscillation period matches
the experimentally observed value, thereby determining
both the sideband drive amplitude €; and frequency ws.
As an example, Fig. A4(a) shows the simulated sideband
dynamics for Alice and ancilla. The red lines indicate
the resonant conditions, and the corresponding frequency
line cuts are shown in Fig. A4(b).

With these calibrated parameters, we simulate the sys-
tem evolution under simultaneous sideband drives, with
identical detunings from their respective resonances. Fig-
ure A4(c) displays the resulting population exchange be-
tween Alice and Bob, conditioned on the ancilla being
in the ground state. For illustration, Fig. A4(d) shows
representative line cuts at several detunings. At large de-
tunings, the population exhibits sinusoidal oscillations.
As the detuning decreases, the oscillation frequency in-
creases and develops a high-frequency modulation. This
modulation is attributed to off-resonant transmon excita-
tion. For instance, the transmon population at a detun-
ing of —1.3 MHz, shown as a dashed line, aligns with the
modulation observed in the corresponding beamsplitter
dynamics. Figure 3(b) plots the extracted beamsplitter
rates as a function of detuning (red line), showing excel-
lent agreement with experimental data (blue dots).

While the above simulations capture the coherent dy-
namics, we also perform open-system simulations to
study decoherence and its effect on gate fidelity. These
are based on solving the Lindblad master equation with
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FIG. A4. Numerical simulations of Raman-assisted beamsplitter interactions. (a) Simulated |f0) +> |g1) sideband
dynamics between Alice and the ancilla as a function of drive detuning. (b) Line cuts taken along the resonant sideband
condition indicated by the red dashed line in (a). (c¢) Simulated Raman-assisted population exchange between Alice and Bob,
mediated by the ancilla and driven by dual sideband tones. (d) Line cuts of the cavity population dynamics at representative
detunings. The dashed curve shows the transmon population at a detuning of —1.3 MHz, which aligns with the modulation

observed in the corresponding cavity population.

the following bare-basis Lindbladian:
Llpl/h = —ilH, p] + (T{*) "' Dldlp
+ 05, (T7) ™' Dl4"p + 2(T%) "' Dl dlp (G-2)
+ ()" Dlalp + (T7) ' Dblp.

The decoherence parameters are set to: TY¢ = 168us,
ng = 4%, T9¢ = 700 ps, T#* = 26ms, and T2 = 20 ms,
which are fitted to reproduce experimental results from
individual sideband for Alice and Bob. It is important
to note that the ancilla thermal population and dephas-
ing time used here differ from the values reported in Ta-
ble Al. This discrepancy arises because the Lindblad for-
malism assumes a white noise spectral density for ancilla
pure dephasing, whereas real physical noise spectra are
typically 1/f in the low-frequency regime. In driven sys-
tems, relevant decoherence rates are evaluated at differ-
ent frequencies: for instance, dressed dephasing—which
sets the ancilla’s thermal population and induces pho-
ton shot noise—samples the noise spectrum at the an-
cilla-drive detuning (~GHz); and sideband-dressed an-
cilla dephasing contributes to cavity decay at frequencies
near the sideband detuning (~MHz). To mimic these
effects within the white-noise Lindblad model, we man-
ually adjust the ancilla thermal population to reflect the
photon shot noise and reduce its pure dephasing rate to
reflect the suppressed noise at larger frequencies.

To extract the cavity 77 and Ty from numerical sim-
ulations, we trace the ancilla to obtain the populations

of Alice and Bob as a function of time. Then, we fit
the decay oscillation with Eq. (1). Figure 3(b) shows the
extracted cavity 77 and Ty as functions of sideband de-
tuning, which align well with the experiment. Both decay
and dephasing times decrease as the system approaches
the sideband resonance, consistent with enhanced deco-
herence due to the sideband drive. Notably, T saturates
at large detunings, a behavior attributed to photon shot
noise arising from transmon-dressed dephasing. Because
this dephasing mechanism samples the spectral density
at the ancilla—drive detuning (~GHz), it is relatively in-
sensitive to sideband detuning.

Figure 3(b) displays the simulated gate fidelity as a
function of sideband detuning, showing a maximum near
5 MHz. This peak arises from a trade-off between gate
speed and decoherence. Qualitatively, the beamsplitter
time scales linearly with A, while the sideband-dressed
decoherence rate follows an approximate A~2 depen-
dence. As a result, decreasing A enhances the interac-
tion rate but more significantly increases decoherence,
leading to overall reduced fidelity. Conversely, at large
detuning, the dominant decoherence mechanism shifts to
photon shot noise arising from transmon-dressed dephas-
ing, which is governed by the transmon—drive detuning
(~ GHz) and thus largely insensitive to MHz-scale vari-
ations in A. In this regime, further increasing A leads
to longer gate times without significant improvement in
decoherence, again reducing the fidelity. The interplay of
these two effects gives rise to the observed fidelity maxi-
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FIG. A5. Transmon heating during VRBS drive (a)

Transmon population after continuous VRBS drive. (b) Mea-
sured the transmon state after each swap gate to detect the
transmon heating up to 100 gate operations. We estimate the
transmon heating probability as 1.167% per swap gate oper-
ation.

mum, which is qualitatively reproduced by the numerical
simulations.

Appendix H: Transmon heating detection after each
swap operation

Transmon heating events during swap operation pre-
vent coherent oscillation between Alice and Bob, thereby
causing dephasing. To detect and characterize these
heating events, we measure the transmon state imme-
diately after each swap operation. We perform mea-
surements up to 100 consecutive swap operations, post-
selecting out any instances where heating is detected. We
fit the transmon heating detection rate R = 1—(1—P;)"
to estimate the transmon heating rate per swap oper-
ation. Figure A5 illustrates the heating detection rate
observed over these 100 swap operations. From these
measurements, we estimate a heating probability of ap-
proximately 1.167% per swap operation.

Appendix I: Mapping dual-rail cavity states onto
transmon states

To measure the populations of single-photon states in
the Alice and Bob modes using single-shot readout, we
map the cavity states onto the transmon states. The cir-

Alice
TTfo-g1
|01/1g<00| = -IffeﬂgH StSt |g)|_ Tef . Transmon
£0-g1
Bob

FIG. A6. Mapping of cavity states to the transmon.
The transmon is first reset to the |g) state by measurement
and following conditional 7 pulse(s). Then a combination
of sideband and transmon pulses are applied to perform the
mapping: [00) — |g), |10) — |e) and |01) — |f).
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cuit diagram is illustrated in Fig. A6. After reseting the
transmon to the ground state, we apply a sideband tran-
sition pulse |g10) <> | f00) (corresponding to Alice mode).
Subsequently, we apply a photon-number-unselective
Ty pulse with a short duration(At < 27/x2, 27/x%).
Finally, we apply a second sideband transition pulse
|g01) < |f00) (corresponding to Bob mode). Through
this sequence, the population in the |10) state maps to
the transmon |e) state, the |01) state population maps
to |f), and the |00) state maps to |g). This method en-
ables single-shot measurement of [00), |01), |10) states
within a duration significantly shorter (< 1/x.) com-
pared to parity measurement or PNRS, which typically
require durations on the order of 1/x.. The resulting
confusion matrix My, for this mapping is

0.9959 0.0491 0.0100
0.0018 0.9467 0.0172] , (L.1)
0.0022 0.0042 0.9728

Mnap =

where the columns correspond prepared states |00), |10)
and |01). The observed asymmetry between Alice and
Bob arises from the order of the mapping procedure. We
use this confusion matrix to correct readout error origi-
nating from the mapping for the beamsplitter operations.

Appendix J: Qudit gates

Universal control of a two-qudit system requires the
ability to perform arbitrary single-qudit rotations along
with at least one entangling operation [82]. In our mul-
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FIG. A7. Matrix elements of the VRBS operation.
The matrix takes a block-diagonal form when actions on
higher Fock states are computed. The simulation is per-
formed with sideband detuning —5.5 MHz. Only amplitudes
are shown for brevity.
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timode architecture, single-qudit rotations R4(f) can be
implemented using either sideband gates [39] or echoed
conditional displacement gates [37]. The VRBS inter-
action discussed in the main text provides a mechanism
for generating entanglement between higher Fock states
as well. This operation takes a block-diagonal form,
where each basis state |m,n) is rotated within a photon-
number-conserving subspace—i.e., among states |m’,n’)
satisfying m’ +n' = m + n. Together with single-qudit
rotations, this operation enable universal control within
a finite-dimensional Hilbert space constructed from d-
dimensional qudits. For example, universality in the two-
qudit Hilbert space can be performed by:

Npiock
U = Ra(fo) ® Ra(d) [ [VRBS Ra(fl) ® Ra(d)
i=1
(J.1)
where Npjock is the number of blocks of those gates within
the square brackets.

With the results of Fig. A7, it is possible to investigate
the properties of VRBS as a two-qutrit entangling gate,
as a concrete example. For qutrits, it has a Schmidt
rank of 9. The entangling power, e,(U) can be defined
as the average of the linear entropy over product states
|U) = |¢)1 @ |1p2) following [48]:

E(0)) = 1 - Try 2 (1.2)
where p; = Tro(U|W¥)(¥|UT) is the reduced density ma-
trix, and U is the entangling gate being investigated.
We estimate e,(VRBS) = 0.379(2) by sampling 10°
|¥), this is similar the standard qutrit CSUM gate
(CSUM3|m,n)y = |m,m + n mod 3)) which is known an-
alytically to be e,(CSUMj3) = 3/8 [48]. This implies
that VRBS is an efficient qutrit entangling gate. Fur-
ther, by numerical optimization of the SU(3) angles in
Eq. (J.1), approximate synthesis of the CSUMj3 gate from
2 < N < 6 blocks were identified with fidelities

févsb{}’ﬁ/[“S = {51%, 88%, 92%, 99.1%, 99.999974%} (J.3)
Demonstration of universality in our 2-cell system is the
topic of future work, with emphasis placed on qudit
CSUM gates.
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Appendix K: Experimental setup

Figure A8 illustrates the cryogenic wiring diagram of
our measurement setup. The microwave components and
design choices are carefully optimized to minimize ther-
mal excitation of both the cavity modes and the trans-
mon. The double-cell cavity is mounted vertically within
a custom-built support structure—or cage—comprising
straight and semicircular clamps made from oxygen-free
high thermal conductivity (OFHC) copper, ensuring ef-
ficient thermal anchoring and heat extraction.

To suppress infrared (IR) radiation, the cage is
wrapped in Eccosorb™ foam, which absorbs stray IR
photons that could otherwise be absorbed by the cav-
ity or surrounding microwave components. Two com-
mercial Eccosorb filters, thermalized via OFHC copper
braids, are installed on the drive lines to the cavity and
transmon, providing attenuation of high-energy IR pho-
tons coming down the coaxial cables. A High-Energy-
Radiation-Drain (HERD-2) filter is placed on the readout
line to block infrared radiation while minimizing signal
attenuation, ensuring high-fidelity readout. All IR fil-
ters are mounted inside the Eccosorb-wrapped region for
protection against ambient IR photons.

A copper can is mounted on the dilution refrigerator’s
base plate to enclose and shield all components thermal-
ized to the base (8 mK) temperature. To further re-
duce susceptibility to magnetic noise, a p-metal shield
is placed around the vacuum chamber, protecting the
system from external magnetic fields.

For control and measurement, we use the OPX+ and
Octave RF hardware from Quantum Machines. The
transmon is read out in reflection via its on-chip read-
out resonator. A Josephson Parametric Amplifier (JPA)
is used as the first-stage phase-insensitive amplifier in the
readout chain. The JPA’s charge pump (8.375 GHz) and
DC bias are supplied by a Rhode&Schwarz SMA100B sig-
nal generator and a Yokogawa GS200 DC voltage/current
source, respectively.
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