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Energetics of a Single Qubit Gate
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Qubits are physical, a quantum gate thus not only acts on the information carried by the qubit but also on
its energy. What is then the corresponding flow of energy between the qubit and the controller that
implements the gate? Here we exploit a superconducting platform to answer this question in the case of a
quantum gate realized by a resonant drive field. During the gate, the superconducting qubit becomes
entangled with the microwave drive pulse so that there is a quantum superposition between energy flows.
We measure the energy change in the drive field conditioned on the outcome of a projective qubit
measurement. We demonstrate that the drive’s energy change associated with the measurement backaction
can exceed by far the energy that can be extracted by the qubit. This can be understood by considering the
qubit as a weak measurement apparatus of the driving field.
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Understanding the energetic resources needed to operate
quantum computers is crucial to assess their performance
limitations [1-10]. Beyond the fundamental costs associated
with information processing [11], e.g., reset [12] and mea-
surements [13,14], quantum gates need energy to manipu-
late qubits encoded in nondegenerate states [10,15]. Since a
gate can prepare a quantum superposition of states with
different energies, the energy balance between the gate
controller and the qubit can be seen as a quantum super-
position of energetic costs. Focusing on gates performed by
resonant driving, the drive appears to have exchanged
energy with the qubit. Yet the amount of transferred energy
is undetermined until the qubit state is measured. How is the
energy in the driving mode modified by the qubit measure-
ment and what does it reveal about the qubit-drive system?
Superconducting circuits offer a state-of-the-art platform for
exploring this question owing to the possibility to perform
single shot qubit readout using an ancillary cavity and
quantum-limited measurements of propagating microwave
modes [16]. In particular, it is possible to manipulate [17—
20] and probe [21-24] the fields interacting resonantly with
the qubit. Superconducting circuits have thus been useful to
explore quantum thermodynamics properties of their spon-
taneous or stimulated emission [25-28], and build quantum
thermal engines [29-31]. Correlations between the resonant
drive amplitude and the outcome of a later qubit measure-
ment have been evidenced by probing quantum trajectories
of superconducting qubits [32-36] including when a
projective measurement is used to perform postselection
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[37-39]. However, the demonstration of correlations
between the energy of the drive mode and the qubit state
is missing.

In this Letter, we present an experiment in which we
directly probe the energy in the driving mode conditioned
on the measured qubit state. We observe that measuring the
qubit energy leads to a change in the energy of the driving
pulse owing to its entanglement with the qubit before
measurement. Strikingly, we also observe that the energy of
the pulse can change by more than a quantum depending on
the measured qubit state, revealing a subtle backaction of
the qubit measurement on the drive pulse.

In order to better understand the rise of these correla-
tions, let us consider the joint evolution of the qubit and
drive mode during the qubit gate. Assuming the qubit starts
in the ground state |g), and is driven by a coherent state
|win), the qubit and the propagating drive mode a are
initially in the separable state |yi,) ® |g) [see Fig. 1(a)].
Owing to the light-matter coupling between the drive mode
and the qubit, they evolve into the entangled state [3,40,41]

Aglwy) ® 19) + Zelwe) ® le) (1)

where 4, and 4, are the probability amplitudes for each state
in the superposition, and |y,,) designate the outgoing
states of the drive mode [see Fig. 1(b)]. Note that these
parameters and states depend on |y, ) implicitly. The qubit
gate is parametrized by the rotation of angle € undergone
by the qubit Bloch vector, revealed by tracing over the field.
Interestingly, the entanglement above limits the fidelity of a
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FIG. 1. Principle of the experiment. (a) Coherent wave packet

|win) (green arrow) at the qubit frequency interacts with a qubit
prepared in |g) (Bloch vector). (b) Resulting entangled state
Eq. (1). The energy of the outgoing drive wave packet is
measured and averaged conditionally on the outcome of a strong
readout of the qubit energy. (c) Schematics highlighting the
equivalence between the action of the projective qubit measure-
ment and that of a weak measurement apparatus on the pulse.
(d) The transmon qubit is placed inside a microwave cavity
(purple) to perform its readout by sending a pulse at the cavity
frequency through a weakly coupled port (left). The resonant
field (green) addressing the qubit is sent through a strongly
coupled port on the right. Both pulses exit through this port and
are directed by a circulator into low noise amplifiers. Their
quadratures are measured via two heterodyne setups based on
analog-to-digital converters (ADCs) operating at qubit and cavity
frequencies. (e) Scheme of the experimental pulse sequence,
where t;, = 400 ns and tzo = 704 ns [47].

qubit gate, a question which has been at the core of an
intense two decades old debate [2—4,7,40,42-45], since the
purity of the qubit density matrix p reads

tr(p?) = 1= 2[4, (1 = [welw,) ). (2)
Luckily for quantum computing, it is possible to reach large
gate fidelity since the minimum gate error 1 — tr(p?) scales
as the inverse of the average photon number in |y;,)
[1,3,40,46]. The lack of purity also determines how much
information can be extracted about the drive mode when
measuring the qubit state. When the qubit is measured, the

measurement backaction prepares the drive mode a in
states of different energy expectations. Conservation of the
expected energy before and after the resonant interaction
leads to the following equality relating the expected
number of quanta in the initial state |y;,) ® |g) and the
final state (1):

(@1aY,,) = Py (@ta),, + (@), + 1. ()
In this Letter, we directly measure the energy contained in
the states [y,) and |y, ), and its dependence on the drive
amplitude. Interestingly, from the point of view of the
driving mode, the qubit acts as a weak measurement
apparatus, which exerts a backaction that our experiment
is able to probe [Fig. 1(c)].

Our setup is schematically represented in Fig. 1(d) [47].
A transmon qubit of frequency wy = 27 x 4.81 GHz is
embedded in a superconducting cavity of frequency wp =
27z x 7.69 GHz below 15 mK. The qubit relaxation time
T;=55£03pus is mainly limited by its coupling
rate ', = 2z x 20 kHz to a transmission line that carries
the driving mode a. The qubit pure dephasing time
is T, =2.4 ps.

We perform the following experiment. First, a pulse of
varying amplitude a;,, whose phase is chosen so that
@i, > 0, drives the qubit at frequency w, for a fixed
duration 7, =400 ns [Fig. 1(e)]. The pulse is reflected
and amplified using a traveling-wave parametric amplifier
(TWPA) [52]. A heterodyne measurement yields a con-
tinuous record of its two quadratures. This drive pulse
induces a rotation of the qubit of angle & around o,. The
qubit is then measured dispersively 20 ns later using a
704 ns-long pulse at the cavity frequency wy sent on a
weakly coupled auxiliary port. This readout pulse exits
through the strongly coupled output port used for driving
the qubit and its transmission is detected through the same
amplification chain.

We start by measuring the average energy in the reflected
drive pulse. From the heterodyne measurement it is
possible to access both the complex amplitude «,, and
the instantaneous outgoing power 7,, (in units of photons
per second) referred to the qubit output port [47]. To
account for the added noise of the amplifiers and possible
experimental gain drifts, we interleave the measurement
with a calibration sequence where the qubit is shifted out of
resonance using the ac-Stark effect. The average measured
photon flux outgoing from the qubit in state p is given by

[53-55]

Q,

) 1+ (62),
m 2

R

(4)
where Q, = 24/I' &, denotes the Rabi frequency and 6, , ,
are the three Pauli matrices. In Fig. 2(a), we show the
evolution of 1,,” for varying input drive powers. This
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FIG. 2. Measured power of the reflected drive. Dots: mean
instantaneous power 7, of the outgoing drive in units of photon
flux [47] as a function of time ¢. Each panel corresponds to a
different input drive amplitude resulting in qubit rotation angles
60 =, 1.8z, and 2.6z. Gray: averaging without postselection,
blue (red): averaging conditioned on the qubit being measured in
lg) (le)). Lines: expected power from Eq. (6). The time delay
between the experimental and numerical data has been adjusted
by hand.

temporal version of the Mollow triplet was already
observed in several experiments [21-24].

To extract the correlation between the power of the
reemitted microwave drive and final qubit state, we average
the instantaneous power conditioned on the measured qubit
state (Fig. 2). We observe that a clear deviation exists from
the unconditional average power. Theoretically, it is pos-
sible to capture the dependence of the drive power on qubit
measurement outcome using the past quantum state for-
malism [56-58]. A full description of the drive mode at
each moment in time can be given by considering both the
initial starting condition via the density matrix of the qubit
p(7) and the final measurement result through the effect
matrix of the qubit E(7). The density matrix obeys the
standard Lindblad equation while the effect matrix is
constrained by its value at the final measurement time
and is backpropagated using the adjoint of the Lindblad
equation (see Ref. [47]). This formalism was used in
Ref. [37] in order to determine the postselected average
evolution of the transmitted drive amplitude through a
qubit. For a reflected drive, the postselected average
measured drive amplitude reads

T B = ain = /TuRe[(6.), ], (5)

where (6_),={Tr[E(t)6_p(1)]/Tr[E(t)p(1)]} is the weak
value of the qubit lowering operator 6_ = (6, — i6,)/2
[37]. The coherent part of the power emitted by the qubit

corresponds to the modulus square of that amplitude. In
contrast, in this Letter we are concerned with the total
energy contained in the drive mode, and not only the
coherent part. One can show that the postselected expect-
ation value of the outgoing photon flux is given by [59,60]

R Tr|E6_p6
im0 = ot ? — QuRel(6.),] + Ty L E0=PE]

R

(6)

14

where the last term is the weak value of a photodetection rate.
To compute Eq. (6), we solve the forward and backward
Lindblad equations. An independent measurement allows us
to set p(0) to a thermal state with an excitation probability
0.088 £ 0.002. The effect matrix E is set at measurement
time ¢ = t; conditionally on the postselected readout out-
come. When the qubit is measured in state |e) with a read-
out fidelity F, = 0.867 £ 0.028, it is given by E,(t;) =
F,le){e|+ (1 = F,)|g)(g|. while, when the qubit is mea-
sured in state |g) with areadout fidelity F, = 0.985 £ 0.015,
itis E(t;) = Fylg)(g|+ (1—F,)|e)(e| [47]. Note that with-
out postselection, the effect matrix is the identity and Eq. (6)
comes down to the nonpostselected case in Eq. (4). The
Eq. (6) reproduces the measured postselected instantaneous
powers we observe (solid lines Fig. 2), where the single fit
parameter is the electrical delay of the setup.

Our original motivation is to quantify the difference of
energy between the postselected drive pulses. The total
number of photons contained in the pulse can be calculated
as (ngy) = [o! i, ©Pdt from the experimental data. In
Fig. 3(a), we show the square root of the measured total

photon numbers +/(n,,) as a function of the rotation angle
0 in the Bloch sphere. The photon number scales as the
square of the rotation angle as expected since the Rabi
frequency scales as the drive amplitude. The observed
difference between (n,,) for both qubit measurement
outcomes is negligible compared to the total number of
photons in the pulse, as expected from the strong overlap of
states [y ) and |y,).

To reveal the difference between the energies of these
states, we thus subtract the mean number of photons
contained in the incoming pulse ny, = [o¢ |, (2)[?dt
[Fig. 3(b)]. Without postselection, the difference An =
(nou) — nyy oscillates between —1 and 0, as expected from
the principle of energy conservation: when the qubit is
excited, it extracts a photon from the pulse and when it is in
the ground state the pulse energy stays unchanged. Note
that this average loss of one photon owing to energy
conservation is not necessarily enforced by the application
of the annihilation operator, which could even lead to an
increase of the photon number for well chosen quantum
states [61]. As commonly observed with weak value
measurements, the oscillation amplitudes of the postse-
lected An,, can exceed the nonpostselected amplitude
[blue and red dots compared to shaded area in Fig. 3(b)]
[62]. The postselected photon number An, oscillates in
counterphase with An,: the information acquired on the
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FIG. 3. (a) Square root of the measured total mean number of

photons in the outgoing drive pulse as a function of the qubit
rotation angle 6 around 6, for postselected and nonpostselected
data. For these photon numbers, the effect of postselection is
almost indistinguishable. (b) Dots: measured difference An
between the mean postselected number of photons and the mean
number of photons in the incoming drive pulse as a function of
the qubit rotation angle. Colors indicate the kind of postselection.
Lines: time integrated Eq. (6). Dotted lines: guides to the eye
scaling with 6 o |/n;,. Shaded area: allowed range of exchanged
energy without postselection (between —1 and O photons).

qubit state distorts the probability of finding a given photon
number in the drive pulse.

To better understand the effect of the qubit measurement
on the photon distribution, we consider a toy model where
the drive pulse is modeled as a stationary harmonic
oscillator, which interacts with a decoherence-free qubit
for a time ¢, at a fixed rate I', [63]. A complete description
would treat the drive pulse as a propagating field [43,59,64]
and yields identical results. The oscillator starts in a
coherent state |,/m,) = |6/+/4T,t,) with a Poisson dis-
tribution Py (n) for the photon number centered on ny, (grey
lines in Fig. 4). Postselecting on a particular qubit meas-
urement outcome distorts this probability distribution. The
measurement operators M , and M, describing the back-
action exerted on the oscillator when the qubit is mea-

sured in |g) or in |e) read M, = cos(\/4T,t,a'a) and

M, = ésin(\/4T ,t,a"a), where & = 3", |n)(n + 1] is the
bare lowering operator (see Ref. [47]). Inspired by the
problem of photodetection of a cavity output [47], we
distinguish two effects in the backaction: (i) the Bayesian
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FIG. 4. Probability distribution that the drive pulse contains n
photons knowing that it was prepared in a coherent state leading
to a Rabi rotation of @ = 1.6z (a) or § = 4.4z (b). Colors encode
the postselected outcome of the qubit measurement: no post-
selection (grey), |g) (blue), and |e) (red). Insets: Bloch repre-
sentation of the qubit state after the drive pulse has left it. Green
arrow: Rabi rotation. Blue and red dots: |g) and |e) states.

update on the photon distribution conditioned on the
measurement outcome and (ii) the extraction of a single
photon from the drive pulse which is used to flip the qubit
into its excited state.

Through (i), the Poisson distribution is multiplied
by (n|MM;|n), which is either cos?(y/nl ;) or
sin?(y/nl,t;), and then renormalized (see section IX in
[47]). This Bayesian update leads to an increase or a
decrease of the mean occupancy [65,66]. The direction
depends on the rotation angle since the outcome of the qubit
measurement indicates that the qubit is either ahead of its
average evolution (more photons than expected in the drive),
or behind (less photons). One can see that for § = 1.6z,
finding the qubit in |g) projects it ahead of its average
evolution and thus offsets the probability distribution
Py(n|g) towards larger photon numbers. Each half turn,
the situation reverses, explaining why for @ = 4.4z, Py(n|g)
is offset towards smaller photon numbers. This behavior
explains the oscillations we observe in Fig. 3. Moreover,
owing to the increasing standard deviation of the Poisson
distribution Py(n) with the amplitude ,/7;, 6, the back-
action on An increases linearly with @ (dotted lines in
Fig. 3(b) and [47]).

Through (ii), the qubit measurement backaction entails
the destruction of a photon in the drive pulse when the qubit
is found in |e) and no extra cost when in |g). This single
photon offset corresponds to the operator & in M, and
amounts to the minimum of the measured oscillations in
the nonpostselected average An. For the postselected cases,

110601-4



PHYSICAL REVIEW LETTERS 129, 110601 (2022)

this contribution of the measurement backaction is not
immediately visible in the measured An, ,, but can be made
explicit in the predicted oscillations derived from the past
quantum state model of Fig. 3(b) (see Ref. [47]).

In conclusion, we measured the energy flows between a
qubit and the resonant drive commonly used to perform
single-qubit gates. The unavoidable entanglement between
the qubit and the drive reflects on an observable energy
exchange. In this context, the projective measurement of
the qubit can be understood as a weak measurement of the
drive pulse. The experiment is therefore able to clearly
demonstrate a correlation between the propagating driving
pulse and the qubit, which eventually sets an upper bound
on the gate fidelity. Ultimately, the kind of measurements
we performed illustrate the limitations set by energy
conservation on gate fidelity [45]. The energy change of
the drive pulse resulting from the qubit measurement can
even exceed the maximal qubit extracted energy of one
photon. While surprising when considering the average
experiment, it is well explained by a weak-value model.
Looking forward, it would be interesting to perform a full
quantum tomography of the drive state using newly
developed itinerant mode detectors [67,68] by first dis-
placing the quantum state towards low photon numbers,
similarly to the steady state case explored in Ref. [28]. We
indeed expect the driving mode to be in a controllable non-
Gaussian state. Using a squeezed drive would also enable
us to quantify the amount of entanglement between qubit
and drive that is qubit state dependent [69] and even
suppress it fully [70]. From a thermodynamic point of view,
this measurement backaction on the energy is at the core of
the class of quantum thermodynamic engines that are
powered by measurements instead of heat bath [71-81].
Finally, we note that our Letter can be recast in the
framework of quantum batteries [82—88]. From that per-
spective, we realized the anatomy of a charging event for a
single qubit battery.
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