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Amplifying microwave pulses with a single qubit engine fueled by quantum measurements
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Recent progress in manipulating individual quantum systems enables the exploration of engines exploiting
nonclassical resources. One of the most appealing is the energy provided by the inherent backaction of quantum
measurements. While a handful of experiments have investigated the inner dynamics of engines fueled by
measurement backaction, powering a task by such an engine is missing. Here, we demonstrate the amplification
of microwave signals by an engine fueled by repeated quantum measurements of a superconducting transmon
qubit. Using feedback, the engine acts as a quantum Maxwell demon operating without a hot thermal source.
Measuring the gain of this amplification constitutes a direct probing of the work output of the engine, in contrast
to inferring the work by measuring the qubit state along its evolution. Observing a good agreement between
both work estimation methods, our experiment validates the accuracy of the indirect method. We characterize
the long-term stability of the engine as well as its robustness to transmon decoherence, loss, and drifts. Our
experiment exemplifies the use of energy brought by quantum measurement backaction.
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I. INTRODUCTION

Quantum engines [1,2] are paradigmatic machines de-
signed to explore the thermodynamic impact of quantum
resources—such as coherent superposition or entanglement—
as well as of quantum processes triggering energy exchanges.
In this context, the inherent backaction of measurements on
the state of a quantum system offers a unique tool for ma-
nipulating energy flows, specific to the quantum world. When
the measured observables do not commute with the system
Hamiltonian, the resulting backaction modifies the system
average energy, behaving as a nonclassical energy resource
[3-6]. This principle allows for the design of quantum engines
that have no classical equivalent by incorporating quantum
measurement backaction into their thermodynamic cycle.

Many engines have been proposed in order to exploit
measurement-induced energy transfers, where they play a
similar role to the heat provided by a hot bath, injecting
both energy and entropy into the system, to perform work
extraction [7,8]: engines exploiting the coherence of a single
qubit requiring a feedback step [9—13] or not [14—16], non-
commuting successive measurements [17,18], continuous
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monitoring [19,20], general quantum measurements [21,22],
or entanglement in two or multiqubit systems [23-26]. Pre-
vious experiments with optical [27,28] and Nuclear Magnetic
Resonance (NMR) setups [29,30] have demonstrated the fea-
sibility of such engines, for which the work output was
inferred from the observed dynamics of the quantum state of
the working agent. However, a key challenge remains: putting
a measurement-fueled engine at work to perform some task on
an external physical system. The work provided by the engine
can then be directly probed by observing how the external
system changes. Unlike the inference of the work from the
observation of the working agent dynamics, we argue that
this direct monitoring of the work output does not require the
engine to be stopped.

Superconducting circuits are highly controllable systems,
making them an ideal testbed for quantum energetics and
quantum thermodynamics [31-42]. In this study, we im-
plement a quantum engine powered by repeated quantum
measurements of a superconducting transmon qubit, follow-
ing a proposal by some of us [10]. Our engine is used to
amplify coherent microwave signals propagating in a trans-
mission line [Fig. 1(a)]. Using heterodyne measurements [37],
we determine the gain of this amplification, and thereby di-
rectly probe the work extracted by the engine to perform the
amplification task.

The engine operates along the following principle. To
fuel the engine, the observable &, = |—z)(+z| + |+2)(—z|
is periodically measured. Since this operator does not com-
mute with the qubit Hamiltonian liwq6,/2 = hwy(|+z)(+z| —
|—z)(—z|)/2, the measurement backaction gives rise to an
input of energy and entropy in the qubit with no classical
equivalent [3]. Powered up in a superposition of states, the
qubit is able to emit a coherent field, which combines with

Published by the American Physical Society
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FIG. 1. (a) A measurement-powered quantum engine amplifying microwave pulses. (b) Simplified schematic of the setup with an optical
image of the superconducting circuit in false colors. A transmon qubit (green) can be directly driven and its outgoing field is measured via
heterodyne detection. The qubit state is read out via its dispersive interaction with a resonator (blue). A Purcell filter (red) inhibits the qubit
decay through the readout resonator. (¢) Principle and pulse sequence of the engine: In step O, the qubit is initialized in state |+x) via a 7w /2
pulse after a measurement-based active reset in |—z). In step @, an incoming resonant microwave signal drives the qubit and is amplified by
stimulated emission. Measuring the gain reveals the work output. We measure the output power Py, during the Rabi drive of amplitude €2 and
duration tz. The useful work is given by W = (Poy — Pi)tg, Where P, (dash lines) is calibrated by detuning the qubit using the ac Stark effect
(see Appendix D). The gain is obtained with G(t) = Py /Py. In step @, the qubit is projectively measured in its 6, basis. In step @, depending
on the outcome of the readout, the qubit is actively reinitialized in |+x) and the thermodynamic cycle restarts at @. The qubit-readout dispersive
interaction gives a QND-measurement of ;. It is transformed into a QND &, measurement by applying a —m /2 pulse before and a + /2 pulse
after the readout pulse. If the qubit is measured in the |—x) state, a —7 /2 pulse is applied instead of the 4+ /2 thanks to FPGA-based real-time

feedback.

the reflected incoming resonant microwave field. Net ampli-
fication requires tuning the phase of the qubit superposition
conditionally on the measurement outcome. This feedback
step reduces the qubit entropy, at the cost of a decrease of mu-
tual information between the measuring device and the qubit.
The experiment can thus be interpreted as a quantum Maxwell
demon, where the hot source is replaced by the measurement
channel. We also verify that the engine switches off after some
time when the measurement is performed but its outcomes
are dismissed (open-loop configuration), leading to an uncon-
trolled increase of entropy of the qubit. The switching off is
delayed when the repetition rate of the qubit measurement
is increased since the measurement outcomes become au-
tonomously more biased by Zeno effect, hence slowing down
the entropy growth. Using dispersive measurement readout
of the qubit, we perform a full qubit state tomography along
its evolution and compare the work we directly probe from
the amplification gain to the work that can be inferred from
the time-resolved evolution of the qubit state. In contrast
to the work of Ref. [37], no postselection is involved in the
engine, only feedback control. Therefore, the weak values
measured in the outgoing power in Ref. [37] do not contribute
to the engine’s operation.

The article is structured as follows. In Sec. II, we detail
the principle of the engine and its physical implementation.
Then in Sec. III, we exhibit the correspondence between the
measured evolution of the qubit state and the measured gain
and extracted work. We also showcase the engine switching

off when the Maxwell demon is rendered inactive. Finally, in
Sec. IV, we study the performance of gain and work extraction
as a function of the amplitude and duration of the driving
pulse.

II. PRINCIPLE OF THE ENGINE AND EXPERIMENTAL
IMPLEMENTATION

After an initialization step O, the engine operates on a
three-stroke cycle (Fig. 1): @ work extraction by amplification
of the incoming microwave, @ quantum measurement, and @
feedback [10]. We now detail the experimental implementa-
tion of each step and the measurement of the gain and work
output [see Figs. 1(b) and 1(c) and Appendixes for more
details].

The initialization step @ is achieved by an active reset
of the qubit in its ground state |—z), followed by a pulse
+m /2. Active reset is performed by repeatedly applying a
7 pulse to the qubit followed by a readout of 6, until the
qubit is found in its ground state. At the end of step ®, the
qubit thus starts in the state |+x) = (|+z) + |—2))/+/2 (with
a fidelity of 99.2 %) with an average internal energy fiwg/2,
where wq /27 = 4.983 GHz.

In step @, the engine performs the amplification task. An
incoming square pulse, corresponding to an average Rabi
frequency €2, resonantly drives the qubit for a time tg. The
drive rotates the qubit state by an angle 8 = Qg around the y
axis of the Bloch sphere, changing its average internal energy
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by —liwqsin(@)/2. This amount of energy is transferred to
the incoming driving pulse, whose coherent amplitude in-
creases via stimulated emission. This energy transfer thus
corresponds to an amount of work per cycle W extracted
from the qubit to amplify the incoming coherent pulse. From
the input/output relation [43-46], the operator Eout associated
with the outgoing mode is related to the input mode oper-
ator by, and to the qubit lowering operator 6_ = | — z) (+z]
via oy (t) = bin(t) + /Te6_(1), where I'./2m = 0.383 kHz
is the coupling rate between qubit and the transmission line on
which the pulse propagates [Fig. 1(b)]. The average workflow
Pout(¢) outgoing from the qubit at time ¢ is then given by the
coherent part of the output power [47-50]

Py R
h;(” = |{bou())*
Wq

~ Q
= [{bin())* + 5 (6:(0) + Te(6- ()]

_ Fn® + 9(&){0)) + Tel(6- )%, ey
o 2
where © = 2/T¢|(bi)| is the Rabi frequency and P, (¢) is the
average input power. Moreover, the phase of the input pulse is
set such that (lSin) is real. The term €2(6,(¢))/2 corresponds
to coherent stimulated emission or absorption, while the term
| (6 (1)) corresponds to the coherent part of spontaneous
emission [47,49]. The gain of the amplification operation per-

formed by the engine is then defined as

G@t) = Poul(t)/Pin(t)
=1+ &(&x(t» + FCZI(&—(I)HZ. @)
Q Q2
The output power also contains an incoherent part associated
with the spontaneous emission and given by Pincon/fiwg =

%(1 + (0,()) — M) [47]. In the following, we focus on
the case where dissipation is much weaker than the drive
(I'e « 2) such that the spontaneous emission is negligible
in front of stimulated emission. In this case, we can neglect
Pincon and also the last term in Egs. (1) and (2). Heterodyne
measurements as performed here provide direct access to the
coherent part of the power, which also corresponds to the
workflow. Consequently, in the remainder, what we call power
has to be understood as its coherent part alone.

Over the duration fg of the drive, the average internal
energy of the qubit decreases by /iw, sin(6)/2, corresponding
to the work extracted during the operation. For 6 < 7 mod
27, the extracted work is positive, resulting in a gain G > 1. It
stems from the positive balance between stimulated emission
and absorption. To get a sense of the average power levels
we need to resolve, let us appreciate that a Rabi rate 2/2x
between 1kHz and 1 MHz would produce an excess power
P = Pyt — Py of at most Q/iwg/2, which is between 10 zW
and 10 aW for our qubit frequency.

In step @, the observable &, is measured. To do so, we
implement a nearly Quantum-Non-Demolition (QND) read-
out of 6, by sequentially performing first a —m /2 gate on the
qubit, followed by a single-shot dispersive readout of &,, and
finally a w /2 gate (see Appendix B). The first —m /2 pulse
maps the basis {|—x), |+x)} onto the {|+z), |—z)} basis, while

the second 7 /2 reverses the operation. The overall sequence is
exactly equivalent to a projective measurement 6,. The overall
sequence is exactly equivalent to a projective measurement
é,, yielding the outcome =x with probabilities cos?(8/2) and
sin(6 /2). Whatever the outcome, the measurement determin-
istically restores the qubit internal energy to its initial value
hwq/2. The measurement process, via its backaction on the
qubit, is therefore an energy resource for the engine, replacing
the hot bath of a conventional heat engine. Implementing
the measurement itself however costs resources [51-53]. A
decomposition of the energy flows associated with each pulse
in the measurement steps @ and @ can be found in Ref. [10].
In the interpretation of the engine as a Maxwell demon, the
measurement can be decomposed into two effects. Its backac-
tion provides energy to the qubit and would also increase its
entropy if the outcome were discarded. It therefore plays the
role of a hot bath. Second, the information it brings cancels
the entropy increase. It corresponds to the demon storing the
information into its memory.

In the fourth and last step @, the qubit is reset to its initial
state |+x) whatever the outcome +x obtained in step ®. A
feedback pulse is applied if and only if the readout outcome
is —x (i.e., the Maxwell demon prepares the state for next
cycle’s work extraction). As the qubit internal energy is not
changed during the feedback step, this Z gate step has no extra
energy cost. Experimentally, it is more efficient to merge the Z
rotation with the measurement protocol of step @ : When the
outcome —x is obtained, the 4+ /2 gate ending step @ is re-
placed with a —m /2 mapping {|—z), |[+z)} onto {|—x), |+x)},
while for +x, the 4+ /2 is conserved. This feedback operation
is performed using Quantum Machines’ Field Programmable
Gate Array (FPGA)-based control system (OPX), and intro-
duces a delay that cannot be reduced below 200 ns.

The complete thermodynamic cycle of the measurement
engine involves the reset of the memory of the measuring
apparatus [10]. Here, the memory corresponds to the read-
out resonator, which leaks out quickly during step ® with
the characteristic timescale k ~! ~ 18 ns. The steps @—® can
therefore be operated cyclically to generate sustained gain and
work extraction.

In contrast to linear amplifiers whose gain is independent
of time and signal power up to some saturation point, here the
engine amplifies the incoming signal by displacing it by an
amplitude and phase set by the qubit coherent superposition
(see Appendix I). This is a known aspect of stimulated emis-
sion, which can be seen as the combination of spontaneous
emission with the incoming radiation. Therefore, the gain of
the amplification is phase dependent. Further, this displace-
ment is at most /T and the gain scales as 2I'./Q. It thus
decreases with the signal amplitude (b;,) o< 2. Moreover, the
amplification has to be triggered and, in general, presents a
gain that varies over the course of each cycle. We note that
other amplifiers based on single-transmon qubits in front of
a mirror have been proposed and realized [54-56], involving
parametric multiphoton processes with a strong pump. When
such an amplifier is based on a single two-level qubit, the
maximum achievable power gain is 14 % [54,55]. In contrast,
for our engine, the energy required for amplification does not
come from a strong pump but from the quantum measurement
backaction, and its gain does not present such limitation.
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The direct measurements of the gain and extracted work
rely on a calibrated heterodyne measurement, which yields
a continuous record of the two quadratures of the outgoing
mode by (1) (see Appendix D). As the power to be re-
solved can be as low as tens of zW, the outgoing microwave
pulse is amplified using a traveling-wave parametric ampli-
fier (TWPA) [57]. From the heterodyne measurement, we
access the instantaneous workflow Py (t)/hiwq = [{Dou (1))]2
outgoing from the qubit port [37] [step @ in Fig. 1(c)]. The
heterodyne detection can also give us access to the instan-
taneous quadratures of the incoming mode bi,(r) and thus
the instantaneous input power Py (t)/fiwg = |(bin (1)) 2 pro-
vided we switch off the coupling to the qubit. We do so by
shifting the qubit out of resonance with the incoming mi-
crowave pulse using the ac Stark shift effect (see Appendix C),
thereby suppressing the amplification process. The measured
output photon rate |(130m(z‘))|2 then equals P, (7)/hiw,. The
measurements of P,y and P, are interleaved to mitigate as
much as possible the detrimental effects of experimental drifts
over time. The extracted workflow P(¢) and the instanta-
neous gain G(¢) are linked via P(¢) = Poy(t) — Pin(t) = Pin(2)
(G@)—1).

III. CHARACTERIZATION OF THE CYCLIC EVOLUTION,
THE IMPORTANCE OF FEEDBACK

We start by running the engine and measure the gain G(¢)
and workflow P(¢) within the first three cycles after initializa-
tion. This measurement is shown as orange dots in Fig. 2(a)
for a work extraction duration tz = 8 ps, and a Rabi frequency
Q/2n = 14.2kHz. It is averaged over hundreds of thousands
of repetitions for G(t) and P(t). The measurement clearly
demonstrates that the engine amplifies the incoming signal
by a few percent. Furthermore, the measured instantaneous
excess gain and power are periodic, which shows that the
engine operates in a cyclic manner.

It is possible to compare the measured excess power to the
extracted work that can be inferred from the qubit tomog-
raphy. Note that, in contrast to direct probing, tomographic
probing requires stopping the engine in order to measure a
qubit observable at an intermediate time within the cycle.
Indeed, the measurement backaction associated with the qubit
state tomography alters the qubit subsequent evolution. By
repeating the process for a complete set of qubit observables,
and by varying the measurement time, one can reconstruct
the state evolution from which gain and work are inferred.
We observe that the qubit follows the same trajectory in the
Bloch sphere for all three cycles [orange crosses in Fig. 2(b)].
The visible change in liwg (6.) /2 between the end of one cycle
and the beginning of the next corresponds to the energy that
was provided by the measurement backaction in steps 3 and
4. We represent the expected excess gain, power, and qubit
state evolution in the case of infinite qubit coherence time as
red solid lines in Fig. 2. However, due to the relatively long
drive duration fz compared to the finite coherence times T}
and 7>, the qubit does not remain pure (on the surface of the
Bloch sphere) within a cycle and thus is not fully captured
by the Rabi angle 6. Moreover, we note that the measured
qubit state evolution during step @ cannot be reproduced by
taking only into account the finite values of 7; and 7, [dashed

-1

(62)

(62) (6-)

FIG. 2. (a) Dots: measured excess gain G — 1 (left) and excess
power P/liw,$2 (right) as a function of time during the first three
cycles of the normal engine (orange) or in open-loop configuration
(blue). Here, 2/27 = 14.2kHz and gz = 8 us. Error bars combine
the standard deviation divided by the square root of the sampling
number and a 2 % relative uncertainty on the calibrated gain Gpeys.
Shadows: inferred excess gain and power using the tomography of
the qubit state in panel (b) with Eqgs. (1) and (2), and assuming a
1 % uncertainty due to gate and readout infidelities. Solid red (green)
lines: case of infinite 77 and 7, and resonant drive of the (open-
loop) engine. Dashed lines: result of numerical simulations assuming
resonant drive, 7} = 25 us and 7, = 32 us. Solid orange/blue lines:
result of simulation assuming a distribution of qubit frequencies and
coherence times 7, (see Appendixes J and K). The visible dead times
of 536 ns correspond to the duration #e, of steps 3 and 4 in the
engine cycle. (b) Crosses: measured Bloch coordinates (6,(7)) as a
function of (6.(¢)) during the same first three cycles of the engine
from left to right (top, orange) or in the open-loop configuration
without feedback (bottom, blue). Other lines correspond to their
counterpart in panel (a).

lines in Fig. 2(b)]. A model taking into account the spurious
fluctuations of the qubit frequency and qubit coherence times
(see Appendix J), improves the agreement between simula-
tions and qubit state evolution, excess gain, and power [solid
lines in Figs. 2(a) and 2(b)].

Plugging this qubit state evolution into Eqgs. (1) and (2),
we obtain the inferred excess gain and workflow [shaded
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regions in Fig. 2(a)]. We find a good agreement between these
quantities and the measured excess gain (G-1) and power P(?).
This agreement shows that the microwave mode has received
nearly as much work as the qubit has provided. We expect the
small deviations between the two to mostly originate from the
slow drift of qubit parameters over time. Indeed, qubit state
evolution and direct probing measurements were not taken
simultaneously and as such were prone to different realiza-
tions of the fluctuating qubit parameters. As the qubit state
measurements take less averaging and thus less time than the
direct measurement of the gain and power, they are less prone
to drifts.

The model with fixed qubit parameters [dashed lines in
Figs. 2(a) and 2(b)] overestimates the measured gain G(¢) and
power P(t), as well as the qubit state purity. Indeed, parasitic
changes of qubit frequency over time are detrimental to the
engine’s operation since a resonant Rabi drive is assumed and
required. The resulting detuning A = wg — wy of the drive
does not only increase the Rabi rate as Q' = +/Q2 + AZ but
also shifts the rotation axis. A more complex trajectory on
the Bloch sphere is then expected if there is an uncontrolled
detuning A during the Rabi drive duration g, which might
even result in negative extracted work. We simulate the gain
and extracted work by assuming that the qubit takes only a
few discrete values of wq and 7, due to its coupling to uncon-
trolled two-level systems (TLSs) [58]. To estimate this effect,
we have measured the qubit parameters wq, 77, and T; as a
function of time with relaxation and Ramsey measurements
in a separate experimental run (see Appendix J). In a more
complete model, we take into account the role of two main
TLS only, one shifting the qubit frequency by 70 kHz with
T =25.4us and T, = 34 us, and the other one shifting the
qubit frequency by 6 kHz but also reducing the coherence to
T, = 21 ps. We assume that, over the many samples averaged
for a given measurement, each TLS has a probability p to
be in its excited state. The only fitting parameters in our
model are these probabilities (see Appendix J). The resulting
predicted gain and power are plotted as a solid orange line
in Fig. 2(a). Less significant contributions to the discrepancy
between shadow areas (inferred from qubit tomography) and
the dots (direct measurement) can be attributed to the last term
in Eq. (1) and to the entanglement between qubit and outgoing
field [37].

For comparison, we also performed the qubit tomography
and engine gain and power measurement in the case of the
open-loop configuration by purposely dismissing the feed-
back step @. It is realized by always performing a +7 /2
pulse, whatever the readout outcome with the same delays as
when the feedback is on. In that case, the purity of the qubit
state decreases over the cycle, such that the cycles are not
equivalent to each other [blue crosses in Fig. 2(b)]. Assuming
an ideal qubit with no decoherence, as the randomness of
the measurement-induced dynamics effectlvelx produces the
mixed qubit state p®™) = p(N )|+x YW+x| + p (—x| at
the end of the N,th cycle, with p(N ) = [1 =+ cos™ (0) /2, the
qubit state gets closer to the center of the Bloch sphere after
each cycle [green lines in Fig. 2(b)]. The excess power P =
hwzqg cos™(6) and excess gain GN) — 1 = % cos™e(9) thus
tend to zero with the number of cycles [measured excess gain

and power as blue dots in Fig. 2(a)]. The same simulations
as for the normal engine operation can be performed in this
open-loop case (blue lines in Fig. 2). They reproduce the
measurements similarly well.

In the open-loop configuration, power could still be ex-
tracted for numerous cycles in the small angle limit 6 — O,
where the excess power at cycle N, is approximately given
by PMe) ~ %(1 - N‘TQZ). This corresponds to the Zeno limit
where a strong &, measurement “freezes” the qubit in its |+x)
state, making measurement back-action deterministic, and the
feedback of the Maxwell demon unnecessary [10]. However, a
clear demonstration of this regime would be difficult owing to
the limited coherence time 75 of the qubit, which is not large
enough compared to the duration of the measurement of &,
(Appendix H). Interestingly, due to the finite coherence times,
the open-loop configuration can present a negative extracted
work in the steady state, especially when # is a non-negligible
fraction of 77 and 7. For instance, in the case where tz = 8 us
and /27 = 20.2kHz, we observe, in the steady state, a
negative excess power of about —0.02 aW, which is absorbed
on average by the qubit thatends up closer to |—x) than |+x)
at the end of each cycle (see Fig. 9). Finally, we note that ap-
plying the feedback loop only intermittently has been recently
shown to be rewarding in terms of performance [13].

IV. GAIN AND EXTRACTED WORK AS A FUNCTION
OF SIGNAL AMPLITUDE AND CYCLE DURATION

Integrating the instantaneous gain G(¢) and power P(t)
over the drive duration fz within each cycle, we obtain

the cycle gain G, (N,) = L (%jl‘)zﬁ”"* G(1)dt, with fyqe =

IR + tmeas and extracted work over one cycle W(N,) =

(%;lﬁsﬁeﬂ" P(r)dt, which we observe to be, as expected, a
constant of the cycle number N, (see Appendix G). We further
study the performance of the engine [feedback on in step @]
by plotting the mean excess gain G, — 1 [dots in Fig. 3(a)] av-
eraged over 40 cycles as a function of Q2 for values of #z in [2,
4,6, 8, 16] us. For each duration # of the work extraction step,
the excess mean gain oscillates as a function of incoming drive
amplitude [(bin)| = 2\% For low amplitudes, the qubit Bloch

vector rotates by less than 7, which leads to net extracted
work and hence G. > 1. However, when the amplitude is large
enough, the qubit rotates by more than &, which costs work
overall, hence de-amplifying the driving signal (G, < 1). This
transition can be better observed in the mean normalized ex-
tracted work W/ hwytr$2 [dots in Fig. 3(b)] averaged over 40
cycles as a function of = Qty for the same values of 7z. Due
to the finite qubit coherence time 75 and the fast changes and
drifts of the qubit parameters, the rotation angles 6 at which
the mean work changes sign are not exactly multiples of 7.

The behavior of the measured mean gain and work is
qualitatively reproduced by the simple limit of infinite qubit
lifetime and coherence time. In this ideal case, the excess gain
is given by G, —1=2I, /€2 sinc(@), while the normalized
extracted work is W/an)qtRQ = sinc(6)/2 [10]. This limit
case is represented by colored dashed lines in Fig. 3(a), which
translates into the single black dashed line in Fig. 3(b).

For small angles 6, the mean gain and extracted work
are smaller for longer work extraction times fg. As the
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FIG. 3. (a) Dots: the mean measured excess gain G, — 1 aver-
aged over 40 cycles as a function of Rabi frequency €2 in log-scale
representation. Note that the log scale is cut around zero (gray area).
Colored dashed lines : prediction for an ideal qubit with infinite
lifetime and coherence times and resonant driving. Solid gray line:
small-angle limit 2I'./€2. (b) Dots: normalized extracted work per
cycle W /liwgtr 2 averaged over 40 cycles as a function of Rabi angle
6 = Qitg. Black dashed line: prediction for an ideal qubit with infinite
lifetime and coherence times and resonant driving. (a), (b) Error
bars combine the standard deviation divided by the square root of
sampling number and a 2 % relative uncertainty on the calibrated
gain Gpe,s. The different colors correspond to different durations g
(see legend). Solid lines are numerical simulations assuming a distri-
bution of qubit frequencies and coherence times 7, (see Appendixes
J and K). The star indicates the parameters used in Fig. 2.

driving duration 7z becomes a non-negligible fraction of
T,, the entropy of the qubit increases within each cycle,
and the excess gain and of extracted work are reduced
since G, — 1 = ZF“llR eos(Qt)e/dt and W /hw,Q =

Q
i é"' cos(Q2t)e~"/T2dt. These expressions with fixed coher-

ence time do not fully capture the observed excess gain and
extracted work. As in the previous section, we have to con-
sider the fast changes and drifts of the qubit parameters in
order to better reproduce the measurements, leading to the
solid lines in Figs. 3(a) and 3(b) (see also Appendix J). Under

these assumptions, the excess gain G, — 1 and extracted work
W as a function of 2 and #z are well reproduced.

In the small angle limit & < 1, the qubit stays close to the
state |+x) where (6,) = 1, so that the maximal mean work
extraction and excess gain are, respectively, predicted to be
hwqtr€2/2 and 2I'. /2 [solid gray line in Fig. 3(a)]. Reaching
this maximum requires fulfilling the condition 75 > Q7! >
IR > tmeas, resulting in, for our device, 30 ps > Q> >
536 ns. The measured excess gain and extracted work can be
seen to approach these upper bounds for the smallest values
of tr and Q or 0. For our lowest value of €2, we observe
an excess gain ranging from 13 % to 21 % for tgz from 16
to 2 us, respectively. It is a bit below the theoretical higher
bound 2I". /2 achieved at small angles, which is here about
25 % for /2w = 3.3kHz. We note that the lowest value of
Q2 exits from the regime I'c <« €2, where the incoherent part
of the power is negligible. More precisely, the ratio (I'./$2
reaches about 12 %), leading to a fraction I';/2Q2 >~ 6 % of
the energy brought by the measurement to be dissipated as
heat via spontaneous emission rather than extracted as work.

We finish our analysis by discussing the efficiency of the
engine. The thermodynamic task performed by the engine
during each cycle is to convert the amount of energy Eneas,
provided by the measurement setup, into extracted work W
[Fig. 1(a)]. In analogy with the analysis of a conventional
Maxwell demon engine converting the heat from a hot bath
into work, an efficiency can be associated with this conversion
process via n = (W — W,,.)/Eeas, Where W,, stands for the
erasure work and is proportional to the final entropy of the
memory of the measuring device. This quantity was analyzed
in Ref. [10] and showed theoretically to reach unity in the limit
6 — 0, where the power is also maximized. In the present
experiment, the energy Ep, is provided by the microwave
pulses forming the measurement sequence steps ® and @. An
estimate of Epe,s Would then consist in computing the energy
of the pulses involved in the o, measurement in steps ® and
@. In our implementation, the microwave power arriving at
the sample is about 0.1 pW for the £ /2 pulses and about
4fW for the readout pulse, meaning in total an energy of
about ~1600 energy quanta at the qubit frequency. Further
tracking the thermodynamic nature of the energy Epeas in
the measurement apparatus, and comparing it to the total
cost to perform the measurement is beyond the scope of this
experiment. It relates to the question of building a consistent
thermodynamic model of the measuring apparatus, to predict
the energy transfers accompanying the measurement process
and its fundamental costs, which is an active field of research
[24,38,42,51-53,59-62].

V. CONCLUSION

We have successfully demonstrated the operation of an
engine solely powered by quantum measurement backaction
and put it to the task of amplifying an incoming microwave
signal. Probing the gain of this amplification provides a direct
measurement of the work extracted by the engine. We have
linked the power flow inferred from qubit tomography at var-
ious times to the continuously measured excess power in the
outgoing microwave signal within a cycle and as a function
of cycle number. We have identified two primary limitations
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to the performance of the quantum measurement engine: first,
the frequency stability of the qubit over time, and second, its
finite coherence time. Such limitations may be mitigated with
better optimization of the superconducting qubit fabrication.
Moreover, the &, readout outcomes over several successive
cycles may be used to estimate the qubit detuning and stabilize
the qubit frequency during the engine operation with ac-Stark
effect or using a flux-tunable qubit [63].

Our current focus has been on measuring the average gain
and extracted work. However, in future studies, investigating
the full statistics of work fluctuations through single-shot
measurements would be of great interest, especially in the
context of quantum fluctuation theorems [64,65] and ther-
modynamic/kinetic uncertainty relations [66—-69]. Achieving
this would require work measurement with high quantum effi-
ciency and high resolution, such as employing high-efficiency
heterodyne detection [70], microwave photon detectors or
counters [71-73], or bolometers and calorimeters [74]. The
reflection of the relatively large incoming drive may be chal-
lenging to handle. This issue can be mitigated by using
nonresonant gates and/or Rabi drives such as subharmonic
driving [75] in order to separate the incoming field from the
outgoing field in frequency.

Superconducting quantum circuits, enabling high-fidelity
QND measurements and feedback schemes, present a state-
of-the-art platform for investigating the thermodynamic costs
of quantum information processing, particularly in studying
the performance and limitations of quantum measurement
engines with different cycling strategies [7,9-12,14-26]. Ad-
vancing the study of quantum measurement engines will
not only improve our understanding of the thermodynamic
costs and energy efficiency of quantum information proces-
sors [76—81], but will also allow exploring the foundations of
quantum measurement with energetic probes [8,61,82].
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FIG. 4. Schematic of the microwave wiring. The Josephson
TWPA was provided by the Lincoln Lab. The RF source colors
refer to the frequency of the matching element in the device up to a
modulation frequency. Identically colored sources represent a single
instrument with a split output.
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APPENDIX A: SAMPLE AND MEASUREMENT SETUP

The large features of the circuit are made by optical
lithography on a Tantalum thin film deposited on a Sapphire
substrate. The readout mode is a 1/4 coplanar waveguide
resonator. The Purcell filter is also a A /4 coplanar waveguide
resonator, with frequency close to and inductively coupled to
the readout mode. It is used as a bandpass filter around the
readout frequency and limits the qubit decay through the read-
out resonator line. The Josephson junction of the transmon
qubit is fabricated using electronic lithography followed by
angle deposition of Al/AlOx/Al in a Plassys evaporator.

The sample is cooled down to 10 mK in a dilution refriger-
ator. The diagram of the microwave wiring is given in Fig. 4.
The microwave pulses are generated by modulation of contin-
uous microwave tones produced, respectively, by generators
Anapico APSIN20G and Anapico APSIN12G (all qubit-type
tones use the same local oscillator). They are modulated via
IQ-mixers where the intermediate frequency (a few tens of
megahertz) modulation pulses are generated by eight DAC
channels of an OPX from Quantum Machines with a sam-
ple rate of 1 GSs™'. Two channels are used for the readout
operation, while the six others used for the qubit operation
are separated into three sets of two, namely, qubit Rabi, qubit
gate, and qubit gate cancellation. The qubit Rabi and qubit
gate pulses are sent into a single transmission line using a
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directional coupler. The qubit gate is used to generate the fast
m and 7 /2 qubit gate pulses, while the qubit Rabi is used
to generate the longer drive at amplitude €2 and duration g
with a square envelope. Due to the large dynamical range
(around 70dB difference) required between qubit gate and
qubit Rabi pulses, we used two different IQ-mixers and four
DAC channels instead of just one IQ-mixer and two DAC
channels. Moreover, another set of two DAC channels has to
be added in order to reduce nonlinear effects such as saturation
in the output amplification chain (see below).

The readout and qubit Rabi outgoing pulses are multi-
plexed into a single output transmission line using a diplexer
at the lowest temperature stage. The readout and qubit signals
are then amplified with at first a quantum-limited parametric
amplifier (a TWPA from Lincoln Lab) and then by an HEMT
amplifier. At room temperature, the readout and qubit Rabi
signals are separated using a diplexer. Each signal is acquired,
after down-conversion by its local oscillator, by digitizing at
1 GSs™! with one of the two ADCs of the OPX.

In principle, the qubit gate pulses could also be acquired
through the same ADC as the qubit Rabi signal. Qubit gate
and qubit Rabi signals could be distinguished as they are
separated in time during the pulse sequence. However, due
to the large power difference between the gate and Rabi
pulses, the Rabi detection was impaired [83]. In order to
not disturb the amplification chain with the high-power gate
pulses, we have added a gate cancellation tone at the input of
the TWPA (see Fig. 4). This tone is calibrated to destructively
interfere with the reflected qubit gate m /2 pulses. We then
recalibrate our gate pulses with the corresponding applied
cancellation gate pulses, as the latter leak toward the qubit
with an attenuated power by ~60 dB.

The transmon qubit has a frequency wq/2m = 4.983 GHz
and anharmonicity of —221 MHz. It is coupled to a A/4
coplanar waveguide (CPW) readout resonator of frequency
w;/2m = 7.665 GHz, resulting in the dispersive interaction
H/h = —x/2 #'#6, with coupling rate x /27 = 3.3MHz,
where 7 is the annihilation operator of the readout resonator.
The readout resonator is also coupled to a A/4 CPW bandpass
Purcell filter, resulting in a readout decay rate « /2w = 9 MHz.
The Purcell filter is intended to limit the qubit decay through
the port used to probe the readout resonator. The qubit is
capacitively coupled to its transmission line at arate I'. /27 =
0.383 kHz. This line is used to excite the qubit but also di-
rectly measure its emitted power, which contains the work
extracted by the engine. The qubit presents a total relaxation
time 77 = 25.4 + 0.5 ps and dephasing time 75 varying from
10 to 45 us over a few days. It is thus not Purcell limited by
its direct coupling to the transmission line (Purcell limit of
416 us).

APPENDIX B: QUBIT STATE READOUT

A nearly QND readout of &, is obtained in 280ns
integration time with single-shot readout fidelity of F =
1 — [P (+2) + P+ (—=2)1/2 = 98.5 %, where P, (b) is the
probability to obtain the outcome b when having prepared
state |a). These probabilities are extracted from histograms of
single-shot readouts, where the ground state |—z) is identified
by having an outcome « in the top left part (Rea < 0 and

Counts

Im(a) (a.u.)

Re(a) (a.u.) Re(a) (a.u.)

FIG. 5. Qubit state readout: histograms of the readout quadra-
tures when the qubit has been prepared in its thermal equilibrium
state (close to its ground state |—z) in the left panel) or after a 7w pulse
from its thermal equilibrium state (close to its excited state |+z)).

Ima > 0) of the complex IQ plane, while the excited state
|+z) is identified as being in the top right part (Rea > 0
and Im « > 0). Such readout histograms are shown in Fig. 5
after having prepared the ground or the excited state. From
the readout histograms of the thermal equilibrium state, we
roughly estimate the qubit to be at an equilibrium tempera-
ture of 54 mK, as the qubit has a thermal population around
1 %. Moreover, we have a probability P_,(£z) ~ 0.1% and
Py (£2) ~ 0.2% of not reading out the ground or excited
state due to readout ionization of the transmon out of its
qubit subspace [84—-86]. This 0.15 % error on average is not
considered in the feedback protocol of our engine, where the
transmon qubit will be assumed to only be in its ground state
if Rea < Oorinits excited state if Rer > 0. We expect that it
would lead to a small renormalization of the measured work.

As explained in the main text, this 6, readout is trans-
formed into a &, readout by applying a —m /2 pulse and then
applying afterward a 4+ /2 pulse. The +m /2 pulses used in
the engine cycle and the m pulses used in the qubit active
reset have a hyperbolic secant temporal envelope whose width
is 0 = 8ns and which is truncated at 40. On previous cool
downs, with the same sample, the qubit demonstrating a re-
duced T, of 7.5 us had coherence-limited gate infidelities of
0.16 % measured by randomized benchmarking [87].

APPENDIX C: AC STARK SHIFT
AND MEASUREMENT-INDUCED DEPHASING

To characterize the couplings x and x but also to cali-
brate the ac Stark effect, we performed measurement-induced
dephasing through a Ramsey-like pulse sequence [88]. The
induced frequency shift w,. and dephasing I",. are given by

o = xIma™ o,

(ChH
where o, =€¢/(k/2 —i(6w — x/2)) and a,, =€/(k/2 —
i(6w + x/2)) are the readout resonator coherent steady state

when the qubit is in state |—z) or |+z), respectively. The
driving amplitude € and detuning §w = o, — w, between the

%
wye = XRea” oy,
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200 0

ow/2m (MHz)

FIG. 6. Measurement-induced dephasing I',. and ac Stark shift
W, as a function of the detuning §w of the driving tone compared
to the readout resonator frequency. Experimental data in dots and
fit using Eq. (C1) in a solid line. The different colors correspond to
different driving amplitudes, resulting in an average photon number
at zero detuning of 3 x 1073 in blue, 1.3 x 1072 in orange, 3 x 1072
in green, 5.3 x 1072 in red, and 8.3 x 1072 in purple.

driving frequency w, and the readout resonator frequency w,.
They are displayed in Fig. 6 for different input amplitudes.
The fit using Eq. (C1) allows us to calibrate the attenua-
tion factor between the room temperature amplitude and €
but also to extract the rates x /27 = 3.3MHz and « /27 =
9MHz. During the engine calibration sequence to measure
Py, the qubit is shifted by w,./27 = 1 MHz (and T',./27 =
0.14 MHz) with the calibrated driving amplitude at a detuning
of Sw/2nr = —10 MHz.

APPENDIX D: CALIBRATION
OF THE MEASURED POWER

With our heterodyne measurement setup, the field that we
are measuring is not by but the field By, after the output
amplification line following

Boul = \/Keasl;out + vV Gmeas - lgzup

where Gpeys 1S the total gain of the amplifiers involved in the
measurement setup and Tou is an effective idler mode, which
captures the addition of noise of phase-preserving amplifica-
tion and verifies (io,) = 0. The output power is thus given by

(D1)

<Ux>2

4

o ' 2 Q
[{Bout)|” = Gmeas| |Binl” + = (o) + T'¢

2 ) . (D2)

A

where (by,) = Bin. When using the ac Stark effect to detune
the qubit,

[(Bin)|* = Geas| Bin|*-

From the measured quadratures (IA}in sout(t)) and calibra-
tions of the gain G,y for the different sets of measurements,
we compute the excess power

Pou(t) = Pa(0)  |{Bow())]* — [{Bin(1))|?
ha)q N Gmeas .

(D3)

(D4)

0 50 100 150 200
Q/2m (kHz)

FIG. 7. Dots: measured extracted workflow W/IR in attowatts as
a function of Rabi rate 2. The different colors correspond to different
durations fg (see legend). Dashed lines: ideal case of infinitely long-
lived qubit (as in Fig. 3). Solid lines: numerical predictions already
represented in Fig. 3(b).

We also consider drifts of the gain of the detection setup
during the measurement of the engine. To mitigate this ef-
fect, during the pulse sequence used to determine the average
work extraction of the engine, we calibrate the gain Gye,s =

4T ( %)2 by measuring the output field amplitude (Bi,)
as a function of the set digital amplitude o. We assume
the Rabi frequency Q2(«) and (13m) to be constant in time.
Moreover, to take into account the nonlinearity of the room
temperature mixers, both (Bj,)(«) and Q(«) are fitted with
order 2 polynomials of «.

It is interesting to plot the data measured in Fig. 3 as a
function of Rabi frequency €2 and in actual power units. In
Fig. 7, one can appreciate that the power we measure are of
the order of a few attowatts only.

APPENDIX E: CALIBRATION
OF THE COUPLING RATE I',

The rate I'. characterizes the coupling rate of the qubit
with the transmission line. We determine it by measuring the
reflection coefficient R = %“_”—‘; of the qubit [37]

) (T —i8)
[0 (T3 + ) + o]

where I't = 1/T;, T’y = 1/T5, and dw = wq — wq. The ther-
mal population pfjrZ> = 1% is suppressed using active reset
heralding. The coherence times 7; and 7, are measured using
standard relaxation and Ramsey interferometry techniques.
While the input and output lines introduce scaling factors
between the fields (l;in), (130m> and the fields that we actually
send and measure, it can be taken into account by measuring
R for large enough detuning §. This leaves 2 and I'; as the
only fit parameters in Eq. (E1). We show R(8) for various
Rabi frequencies €2 in Fig. 8, from which we extract I'. /27w =
0.383 kHz. Due to the fluctuating qubit parameters over time,
the averaging on this reflection measurement is interleaved

R(G) =1~ (pt\h—z> - ptl}ji-z) (ED
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FIG. 8. Amplitude (left) and polar representation (right) of the qubit reflection coefficient R as a function of detuning dw = wy — wq
between the drive wq and the qubit frequency w, for various drive amplitudes, i.e., various Rabi rate §2. Dots: measured and solid lines: fits

using Eq. (E1).

with recalibration measurements of the qubit parameters. The
reflection measurement has been performed in another cool-
down than the experiments discussed in the main text.

APPENDIX F: QUBIT PURCELL DECAY THROUGH
THE READOUT RESONATOR

Even though there is a Purcell filter, the qubit is also cou-
pled to the second transmission line via its Purcell decay I'p
through the readout resonator that we estimate here. By com-
paring the Rabi rates Qi = 24/Tchin,; and Qo = 24/Tpbin
from driving the qubit through the “qubit port” or the “readout
port,” respectively, and considering the different attenuations
of the two input lines, we extract a Purcell decay through
the readout resonator of I'p/2w >~ 10Hz <« I'.. The qubit
total decay rate T]_1 =2 x 6.4kHz > T'. > TI'p is thus not
limited by its couplings to the microwave transmission lines.
Moreover, due to the diplexer (see Fig. 4), the output line only
amplifies signals coming from I'; and not the one from I'p.

FIG. 9. Dots: normalized extracted work W/hw,tzS2 of the en-
gine in orange and of the open-loop configuration (blue) as a function
of cycle number N, for tx = 8 us and 2/27 = 3.4kHz (top) or
Q/2r =20.2kHz (bottom) Dash lines are the analytical extracted
work W) = hwzqe cos™ (#), while solid lines are simulations.

APPENDIX G: EXTRACTED WORK AS A FUNCTION
OF CYCLE NUMBER

We measure the extracted work per cycle W(N,) as a
function of cycle number N,. In the engine configuration,
the extracted work is as 1ntended, independent of the cycle
number (Fig. 9). However, the qubit’s imperfections modify
the amount of extractable work for a given #z and 2. In
the open-loop configuration, we observe a much faster decay
of the extracted work than the expected decrease W (N,) =
ha;"e cos™(0) for a dissipationless qubit. In both the engine
and open-loop configuration, the simulations fit well with the
extracted work.

APPENDIX H: AVERAGE PER CYCLE EXTRACTED
WORK IN OPEN-LOOP CONFIGURATION

Due to finite dissipation, the Zeno limit 6 — 0, where work
can be extracted even in the open-loop configuration, can still
be approached but is less pronounced (see Fig. 10). Without
dissipation, the extracted work tends to zero in the steady state
(for a large cycle number N, — +00) except for the Zeno

: 0.5
c
&
1 o
~ 10 0.0
£ L— |§
:
—0.5

Q/27r kHz

FIG. 10. Normalized extracted work W /liw,txQ averaged over
the first 40 cycles in case of open-loop configuration, measured in
panel (a), analytical in panel (b), and simulated in panel (c), as a
function of duration #z and amplitude 2.
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FIG. 11. Schematic representation of the input and output signals
in the quadrature phase space. In orange are shown the Wigner
functions of four possible coherent states of the input field of am-
plitude (Bm) = e%, with e = 1, i, —1 or —i, and with variance Vi,
have been represented. In blue are shown the corresponding Wigner
functions of the output signals, displaced toward quadrature +X, and

with a variance increased by I'; along the Y quadrature.

limit & — 0. When considering dissipation, a finite nonzero
work can still be extracted in the steady state. This work can
be positive or negative depending on the Rabi parameters €2
and #z for a given amount of dissipation.

APPENDIX I: CHARACTERIZATION
OF THE AMPLIFICATION PROCESS

1. Time and phase dependence

To characterize the properties of the amplification process,
we consider the case of an input pulse of arbitrary phase ¢,
such that (b;,) = %e"d’ (while we assume the measurement
and feedback step are still chosen to prepare the state |+,)).
One obtains

Pyt A 2
= (b
i, [{bout) |

Pn | Q .
+ 5 (cos p(0x(1)) — sin p{oy (1))

- hwq
+ Tel{o— ()] an

In the same limit 2 > T, as in the main text, we neglect the
last term and obtain

2T, .
G(t) = 1 = —==(cos ¢{ox(t)) — sin${oy (1)),

which depends explicitly of ¢. We further analyze the phase
dependence by focusing on the model with fixed qubit coher-
ent time 7>, where one finds that

cos ¢{ox(1)) — Sil’l(ﬁ(o’y(l)) = cos ¢ cos (Qt)g_l/T27

(a) . .
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FIG. 12. Qubit parameters instability. In panel (a) qubit detuning
Af and coherence time 7, as function of measurement number n
where each measurement takes approximately 1 min. Histograms of
T in panel (b), Af in panel (c), and 7, in panel (d) of compiled
measurements from different datasets. The different sets are spaced
several days up to weeks apart. In panel (e), scatter plot of 7, as
a function of Af, which are both extracted from the same Ramsey
measurements.

such that

20, T
Git)y—1= S cos ¢ cos (R )e /2,

The gain is therefore phase dependent, for a fixed measure-
ment basis (or requires to tune the measurement basis and the
phase of the pulse to amplify).

The gain is also time dependent over the duration of the
input pulse. In the following, we will consider the case of short
duration pulses 1z < 1/€2, 75, so that cos(€2t Ye!/T2 ~ 1 and
¢ = 0, where the excess gain is given by G — 1 =~ %

2. Input power dependence
The gain G =1+ % is nonlinear as its value depends on
the input power through Q = 2./ FC|(131n)| =2 /T Bo The

€ hog
gain of the amplification will saturate to 1 for large input
power.
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3. Output field variance

We introduce the two quadratures of the output mode:
Xout - bout + bj;ut - bin + bjn + V FCUXa
—bly) = i(bin — bl )+ Teoy.  (12)

Using that the input mode is not correlated with the atom state,
we find their variances:

(X2,) = Kou)? = (X2) — (Xin)? + Te(1 — (0:())),
(Y2) = You)? = (¥2) = (¥in)? + Tl — {0,(1))).  (13)

In the limit of a short pulse tg < 1/£2, such that (o, (¢)) >~ 1,
(oy(t)) >~ 0, the X, quadrature that contains the amplified
signal does not receive any additional noise, which is exclu-
sively added to the Y, quadrature (Fig. 11).

Yout = i(boul

APPENDIX J: QUBIT PARAMETERS STABILITY

We have observed that the qubit parameters were not sta-
ble. Through repeated relaxation and Ramsey interferometry
measurements over time, we extract the histograms of the
qubit parameters wgq, 17, and 7.

Different distributions could be noticed in the qubit wq and
T5, that we attribute to the coupling to parasitic two-level sys-
tems [58]. In Fig. 12 are shown the qubit parameters extracted
from compiled data of different sets of relaxation and Ramsey

measurements taken at a rate of approximately 1 min~'. The
different sets are spaced several days up to weeks apart and
were performed in the same cool-down as the experiments
discussed in the main text. One of this dataset, displayed in
Fig. 12(a), present the qubit coherence 7, and qubit detuning
8 f as a function of measurement number, each measurement
taking about 1 min.

APPENDIX K: SIMULATIONS

The simulations are implemented with the QuantumOp-
tics.jl library in Julia simulating the master equation evolution
of the qubit under the different drives and feedback. In the
simulations, only the Hilbert space of the qubit is considered.
The extracted work is computed from the qubit density matrix
as %’: = %(@(t)) during the Rabi driving pulse. The whole
time evolution of the pulse sequence of N, cycles is computed
as described in Fig. 1(c).

For the dispersive readout pulse, it is simplified and de-
composed into three steps: first, a free evolution during #, /2,
then an instantaneous projection over the states |—z) or |+z)
followed again by a free evolution during i, /2. The simu-
lations also incorporate imperfections such as an assignation
error of 0.4 % in the readout and the qubit thermalization to a
1% population.
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