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Engineering a Multilevel Bath for Transmons with Three-Wave Mixing
and Parametric Drives
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A quantum system with a tunable bath temperature provides an additional degree of freedom for
quantum simulators. Such a system can be realized by parametrically modulating the coupling between the
system and the bath. Here, by coupling a transmon qubit to a lossy superconducting nonlinear asymmetric
inductive element (SNAIL) mode, we experimentally create a tunable bath for the qubit mode. The effective
temperature of this bath can be precisely controlled, ranging from negative to positive values. We show that
the qubit can be thermalized to equilibrium with different population distributions under different
parametric pumping conditions. We further extend our method to the third level of the transmon,
demonstrating its potential utility beyond the two-level case. Our results provide a useful tool that can be
readily integrated with quantum simulators that would benefit from a nontrivial photon population

distribution.
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Introduction—A quantum simulator [1] can address
complex problems in various domains of physics by
mapping problems that are otherwise difficult to probe
or track in their original settings to an engineered quantum
system over which experimenters have good control. Such
simulators have provided insights into a wide range of
fields, such as quantum materials simulation [2,3], quantum
chemistry [4], quantum transport [5,6], many-body dynam-
ics [7,8], and black holes [9]. Interactions between quantum
systems and their uncontrolled environments are ubiquitous
on different quantum simulation platforms, including
superconducting microwave circuits [10], trapped ions
[11], photonic quantum machines [12], and neutral atoms
[13]. These interactions are usually viewed as detrimental,
as they lead to the decoherence of the quantum systems.
However, when engineered controllably, they tailor the
properties of the environment seen by quantum systems,
providing extra degrees of freedom for quantum simulations
[14]. Temperature, as one of the fundamental properties of
the environment, affects a quantum system by influencing
its thermodynamics, state occupation, decoherence, and
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transitions. Therefore, the ability to engineer an environment
with a temperature that can be adjusted from negative to
positive values is of great interest [15]. It enables the
thermodynamical simulation of many-body systems [16],
allows the preparation of the Gibbs state [ 1 7], and provides an
important knob for quantum annealing [18]. So far, such
systems have been realized in localized spin systems [19-21]
and cold atoms in an optical lattice [22]. Recent efforts have
also been made in the microwave domain using super-
conducting circuits, including the variational preparation
of finite-temperature Gibbs state using unitary gates [23] and
rapid generation of the Gibbs states with temperatures
ranging from 110 to 500 mK within 100 ns using a
quantum-circuit refrigerator [24]. In this letter, we address
this problem from a driven-dissipative perspective, extend-
ing the accessible temperature tuning range to include
negative values.

Superconducting circuits and circuit quantum electro-
dynamics (cQED) [10] provide a promising platform for
this task. Bath engineering has become a powerful tool in
cQED systems due to the strong coupling between super-
conducting circuits and their environment, as well as the
controllable parametric interactions between different
circuit elements [14]. In particular, it has been used to
manipulate quantum systems, for example, to fast reset a
qubit to the ground state with appropriate drives [25], to
stabilize a qubit to an arbitrary state [26], and to stabilize a
many-body system with a nontrivial state [27].

Here, we experimentally demonstrate a temperature-
tunable bath for a transmon qubit. We start by parametri-
cally coupling the qubit to a lossy mode. For the first
experiments, the transmon is treated as a two-level system

Published by the American Physical Society
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Experiment concept and schematic. (a) Experiment setup. The qubit and SNAIL are fabricated on the same sapphire chip

housed in a two-part enclosure comprising an aluminum cavity and a copper tunnel (see Supplemental Material [35] for the device
picture). External parametric drives establish different interactions between the qubit and SNAIL at rates g5 and gs. (b), (c) Level
diagrams of the system. (b) Heating: the X pump drives the system from |0, g) to |1, e), which rapidly decays to |0, e) due to the loss of
the SNAIL, resulting in an effective “heating” process with rate I'},. Because of the qubit anharmonicity and the frequency selectivity of
the parametric process, this pump does not drive the transitions between other levels. (c) Cooling: the 6 pump drives the system from
|0, ) to |1, g), which rapidly decays to |0, g) due to the loss of the SNAIL, resulting in an effective “cooling” process with rate I'%.
(d) Artificial temperature control with parametric drives. Top left: positive temperature with I, > I'g,. Top right: negative temperature
with I",, < T',. Bottom left: infinite temperature with matched rates. Bottom right: nonthermal states where the transmon relaxes away

from |e) without preference between |g) and |f).

whose dissipation rates are engineered by tuning the
strengths of two parametric processes. We show that in
the steady-state limit, the qubit reaches the Gibbs state:
p=ePH/Tr(ePH), where p=1/ksT is the inverse
temperature set by the dissipation rates, and kp is the
Boltzmann constant. We verify this behavior by stabilizing
the qubit to various steady states with different population
distributions, including a population-inverted (negative-
temperature) state, which cannot be achieved by coupling
to a natural bath at positive temperatures.

Furthermore, the anharmonic, multilevel nature of the
transmon allows us to go beyond the simple two-level
model. We extend our parametric bath engineering tech-
nique to the third energy level of the transmon, creating a
nontrivial steady state beyond the Gibbs state. Accessing
the higher levels of the transmon extends its utility as a
tunable bath when coupling to a larger quantum simulator,
and also provides a potential tool to enter the regime of
Gentile statistics [28-30], a generalization of Fermi-Dirac
and Bose-Einstein statistics where the mode’s maximum
occupation number (here, photons in a qubit) can be set
between one (Fermions) and infinity (Bosons).

Model—Inspired by a proposal from Hafezi et al. [31], a
temperature-tunable bath for a transmon qubit can be
realized by parametrically coupling it to another lossy
mode. Our model [Fig. 1(a)] consists of a transmon [32]
capacitively coupled to a SNAIL mode [33], which acts as
both the mixing element and the lossy mode. The qubit is

also coupled to a 3D cavity for dispersive measurement
[34]. While realized in a cQED system, our model is
platform-independent.

Central to our protocol are the following parametric
interactions between the qubit and the SNAIL: two-mode
squeezing and mode conversion, with Hamiltonians [50-52]

Hipns = gZ(STqT + H'C')v (1)
Hy, = gs(s'q +H.c.), (2)

where s and g are the annihilation operators of the SNAIL and
qubit, gx and g;s are the interaction strengths of the corre-
sponding processes. The subscripts X and ¢ reflect the sum
and difference pump frequencies required to drive the
respective processes, i.e., W, = ws T gy (here wy(q) are the
frequency of the SNAIL(qubit)).

However, due to the transmon’s anharmonicity and the
frequency selectivity of the parametric processes, each
pump frequency addresses only a specific transition
[Fig. 1(b)]. Thus, we rewrite Egs. (1) and (2) for individual
qubit levels. For two adjacent qubit levels |i) and |i + 1),
the respective interaction Hamiltonian terms are given by

q)

— g5, s')i+ 1)(i] + He., (3)

2 it

- gﬁmmﬂiﬂi =+ l| + H.c., (4)

it
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where gy .| ..., are the effective coupling rates of
the two individual processes (see Supplemental Material
[35]), with the corresponding pump frequencies: oy ., =
Wy + ;1 and w5 =0y — @41 (w4 1s the fre-
quency between the ith and (i + 1)th level of the qubit].

These parametric couplings, together with the lossy
mode, enable the “heating” and “cooling” of the qubit.
A pump at , = ws, coherently brings the system from
0, g) to |1, e), which will fall into |0, e) when the SNAIL
is sufficiently lossy [i.e., the SNAIL bandwidth x; >

gs. . 1/T{ (qubit energy relaxation rate)]. This effectively

5.9¢

and gs_

“heats” the qubit [Fig. 1(b)]. Similarly, a pump at w, =
w5, ., effectively “cools” the transmon to its ground state
[Fig. 1(c)]. The tunability of this artificial temperature is
realized by applying both pumps simultaneously. For a
transmon treated as a two-level system, we show that by
controlling the effective rates of the two processes, we can
thermalize it to an arbitrary equilibrium state [Fig. 1(d)].
The density matrix of the equilibrium state can be described
by a canonical ensemble,

Pq = e—ﬂqhwqagl/Z/Tr(e—ﬂqhwqagl/Z), (5)
where &}

g is the Pauil for the qubit, and the inverse
temperature f3, is given by

1 2 4 g2ebsos
po= () (©
Wq  \gze™™ + g

This is a Gibbs state for a single qubit, whose temperature is
a function of the controllable interaction strengths, gs and
gs- In principle, this bath engineering technique can be
extended to prepare the Gibbs state at an arbitrary temper-
ature for a more generalized system (see Supplemental
Material [35]).

Before moving on to the experimental results, we note
that since each decay event is heralded by a photon in the
SNAIL mode, photon distinguishability must be considered
when multiple processes occur simultaneously. In this
Letter, we focus on the case of distinguishable photons;
i.e., each “heating”/“cooling” event is uncorrelated with the
others (see Supplemental Material Sec. III [35] for a
detailed discussion).

Experiment results—Our experimental scheme is shown
in the lower panel of Fig. 1(a), with circuit parameters listed
in Supplemental Material [35]. A traveling wave parametric
amplifier (TWPA) [36] is used for single-shot readout and
transmon state differentiation. We perform a three-part
division on the readout data and label all states from |f) and
beyond as |fT).

We begin with the implementation of the “heating” and
“cooling” processes. In the “heating” experiment, the qubit
is initialized in |g), then driven by the X ,, pump with varying
strength and duration before measurement [Fig. 2(a)]. The
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FIG. 2. Heating and cooling with a single pump. (a) Pulse
sequence: the qubit is initialized in |g) (heating) and |e) (cooling),
followed by pumps with varying strength and duration, and then
measured. (b) Qubit state populations (blue |g), green |e) and red
[fT)) as a function of pump duration in the heating process with
increasing pump strength g5, from left to right. (c) Same as (b),
but for cooling with increasing pump strength g; . Solid lines
are fits to a semiclassical model used to extract transition rates
(see Supplemental Material [35]).

qubit state population evolution is shown in Fig. 2(b), with
increasing pump strength from left to right that results in an
increase of the heating rate (I')e/I"y, = 9.9, 29.6, 205.4
respectively; here p and N indicate the pumped and natural
transition rates), as expected. The rates are extracted by
fitting the data to the theoretical model (solid lines; see
Supplemental Material [35]). The nontrivial [f*) state
population is attributed to the qubit’s natural thermal
excitation from |e) to |f), and a sufficiently strong pump
may cause extra parametric heating due to its finite spectral
weight on the transmon’s higher transitions. We emphasize
that for strong heating drives, the qubit population inverts,
rather than spreading to the higher states—a scenario
typically achieved by contacting it with a hot bath.

In the “cooling” experiment, the qubit is initialized in
|e), then driven by the &, ;, pump with varying strength and
duration before measurement [Fig. 2(a)]. As shown in
Fig. 2(c), the qubit thermalizes to its equilibrium state
faster as the pump strength increases from left to right
(Fﬁg/l“{,‘]g = 1.6, 3.9, 10.6, respectively). In contrast to
Ref. [25] where both the qubit and the cavity are driven
to force the qubit fully into the |g) state, our method allows
us to determine the |g) probability and only requires one
drive on the SNAIL. There is no rise in the [f) state, as the
qubit is actively pushed to its ground state, and no para-
metric processes are present to excite it to |f ) near the Os.ge
pump frequency.
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FIG. 3. Heating and cooling balance. (a) Schematic: simulta-
neous X ,, and &, ,, pumps drive the system to a 50%]|g)-50%|e)
mixed state by balancing the transition rates. (b) Pulse sequence:
the qubit is initialized in |g), followed by both pumps with
varying durations, and then measured. (c) Qubit state populations
as a function of pump duration for two different pump settings.
The qubit thermalizes to the same nearly equal thermal mixture of
lg) and |e) states, but with different rates.

It is worth noting that this “cooling” process is
equivalent to the qubit reset problem, which has received
sustained attention over the years (see, for example,
Refs. [25,37,38,53,54]). In principle, our scheme can reset
the qubit to an arbitrarily low temperature. However, in
practice, the achievable temperature is limited by the
coldness of the lossy mode and its frequency relative to
the qubit (see Supplemental Material [35] for a detailed
discussion).

The single pump experiments demonstrate our control
over each parametric process by establishing equilibrium
states with different effective temperatures. The steady
state population distribution in the longtime limit is
determined by the ratio of transition rates between differ-
ent levels. We believe the effects of decay or leakage to
and from a higher transmon level are minimal, as the data
can be well described by our model without the need to
introduce additional levels. However, we acknowledge
that higher levels cannot be clearly distinguished in the
current device. A conclusive answer to this question could
be obtained in future experiments with optimized readout
parameters. We also note that the difference in the final
distribution for different single pump strengths does not
conflict with Eq. (5) for the case with gz = 0 or g5 = 0, as
the qubit also weakly couples to the environment in
practice.

Full bath control is achieved by applying both X /, and

o drives simultaneously, enabling two competing

s,ge

processes with rates set by their respective drive strengths
[Fig. 3(a)]. To demonstrate this effect, we first initialize the
qubit in |g), then apply pumps with matched “heating” and
“cooling” rates (Fge / Fle’g ~ 1), before the final measurement
of the qubit [Fig. 3(b)]. The qubit population as a function
of the pump duration is shown in Fig. 3(c). The qubit
thermalizes to the same mixed 50%|g)-50%|e) state (up to
the residual population in the |f™) state) at different rates.
Moreover, by adjusting the rate ratio, we are able to set the
transmon to a Gibbs state at an arbitrary temperature (see
Supplemental Material [35]).

Finally, we extend our protocol beyond the two-level
manifold to explore broader applications. For instance, a
single “cooling” pump between |f) and |e) could poten-
tially be used to reset the qubit to the computational
subspace from leakage induced by measurement [55-58]
and gate operations [59]. Similar to the two-level case, the
Gibbs state of the three-level system with a tunable artificial
temperature can be realized by properly driving the
transitions between different transmon energy levels (see
Supplemental Material [35]). Moreover, the flexibility of
parametric control enables us to go beyond the Gibbs
state. By applying external drives, we can engineer the
diagonal elements of the steady-state density matrix,
allowing the system to reach more exotic states with
diverse population distributions. Furthermore, if the pump
tones are engineered to be mutually coherent, the off-
diagonal elements can also be manipulated, enabling
applications such as qubit longitudinal readout [39] and
synthetic squeezing [60].

As a demonstration of the exotic steady state, we
stabilize the transmon in a mixture of 50%|g) and
50%|f) [Fig. 1(d), bottom right]. We simultaneously pump
the [e) — |g) cooling process at ws , and the [e) — |f)

heating process at s ; with matched transition rates away

from |e) [Fig. 4(a)]. Together with the qubit’s natural
excitation and decay, these drives establish the target mixed
state [Fig. 4(c)]. These natural processes also account for
the residual ~15% population in the |e) state. Although the
simple semiclassical model can predict the steady-state
population distribution, it does not fully capture the
dynamics of the measured data (see Supplemental
Material [35]); we attribute this to the residual coherence
between the two pump tones and the finite transmon
thermalization rate elevated by the pumps. By including
these factors, we are able to numerically simulate the
system’s behavior using QuTiP (see Supplemental Material
[35]). Further suppression of the |e¢) population can be
achieved by using a transmon with state-of-the-art coher-
ence to reduce the natural decay and excitation rates, and by
increasing its anharmonicity and optimizing the pulse
shape to minimize undesired pump-induced transitions.
Discussion and conclusion—We present an engineered
bath with a tunable temperature ranging from negative to
positive values. A key application of this bath is the Gibbs
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FIG. 4. Bath engineering for a three-level qubit. (a) Schematic:
simultaneous &, , and X;., pumps drive the system to a
50%]g)-50%|f) mixed state by balancing the transition rates.
(b) Pulse sequence: the qubit is initialized in |g), followed by both
pumps with varying durations, and then measured. (c) Qubit state
populations as a function of time under both pumps. The |e)
population remains nonzero due to qubit decay from |f*) and

thermal excitations from |g).
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state preparation, as we demonstrate with the transmon.
Our approach can be extended to more general systems:
given a bosonic system Hamiltonian H and a set of its
eigenoperators A;, we show that the steady state of the
system will be the Gibbs state: p = e /Tr(e ), if the
system parametrically couples to lossy channels via its
eigenoperators through the interactions similar to those in
Egs. (1) and (2) (see Supplemental Material [35]).

The ability to adjust bath temperature and the qubit’s
thermalization rate offers an opportunity for quantum
simulation schemes across varied parameter regimes. For
example, when simulating energy transport in a spin chain
[61-63], our system can be attached to different spin sites
with different effective temperatures, providing tunable
boundary conditions for the simulator. In particular, with
the temperature tuning range from negative to positive, this
bath can be viewed as a photon source/sink. When
combined with a large qubit array, it enables various
simulations of quantum many-body systems, such as the
investigation of Mott insulators [64,65], the study of
entanglement and out-of-equilibrium steady states
[66,67]. Moreover, access to the transmon’s higher energy
levels opens avenues for experimental studies of Gentile
statistics [28-30] and the simulation of condensed matter
systems, such as magnons and spin waves [68].

Going beyond the applications in quantum simulations,
our system can be viewed as a single-cell open quantum
battery from a quantum energy storage perspective [69].
The charging and discharging processes of the battery are
enabled by engineered dissipation. Extending this setup to
a multicell quantum battery by increasing the number of
transmons is straightforward providing a platform to
explore the charging power enhancement in collective
charging schemes [70,71]. Additionally, the ‘“heating”
process forms a traditional lambda structure with a trapped

excited state, offering a pathway to generate highly
coherent microwave signals [72].
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